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A quitosana (CHI) é um polissacarídeo catiônico, que tem aplicações potenciais na 
indústria de alimentos como agente antioxidante e antimicrobiano. Porém, a capacidade 
de interagir fortemente com outros componentes da matriz alimentícia limita a sua 
aplicação em alimentos. Para que a inserção da CHI em formulações alimentícias possa 
ser feita, é importante levar em consideração a natureza das interações moleculares 
envolvidas em sua associação com outras moléculas. Nesta tese, diferentes tipos de 
titulação (calorimétrica e turbidimétrica), e medidas de potencial zeta, análises térmicas, 
químicas e reológicas foram utilizadas para investigar as interações moleculares que 
atuam na formação e estabilidade de sistemas a base de CHI. Especificamente, foram 
investigadas as interações associativas da CHI na complexação com três diferentes 
polissacarídeos aniônicos (goma Arábica (GA), alginato de sódio (ALG) e κ-carragena 
(CRG)), e no recobrimento de carreadores lipídicos nanoestruturados, que são 
nanopartículas sólidas lipídicas. As melhores condições para a complexação dos 
polímeros e para o recobrimento dos carreadores lipídicos nanoestruturados, bem como 
características do comportamento térmico de ambos os sistemas foram avaliadas. 
Observou-se que na complexação da CHI com polissacarídeos aniônicos, o pH, a força 
iônica, a proporção e a concentração total de polímero foram os principais fatores que 
influenciaram a separação de fases do sistema. O polissacarídeo sulfatado (CRG) 
interagiu mais fortemente com a CHI do que os polissacarídeos carboxilados (ALG e 
GA), e o aumento da força iônica (0 - 100 mM NaCl) resultou em uma redução 
significativa (p≤0,05) da constante de associação (Ka) dos complexos GA:CHI e 
CRG:CHI. Diferentes proporções de polímero resultaram em variações nos módulos 
viscoelásticos, G' e G", que seguiram uma tendência paralela à estequiometria de carga 
dos complexos GA:CHI, ALG:CHI e CRG:CHI. Na condição onde a estequiometria de 
carga dos complexos foi alcançada, o sistema ALG:CHI, cujos polímeros individuas 
não gelificam, formou géis fracos no resfriamento, e a extensão da faixa de temperatura 
de gelificação da CRG foi observada. Os complexos GA:CHI não gelificaram sob 
nenhuma das condições avaliadas. No recobrimento dos carreadores lipídicos 
nanoestruturados, a deposição eletrostática da CHI na superfície das partículas 
promoveu a inversão do potencial zeta das mesmas. A estabilidade de curto e longo 
prazo dos carreadores lipídicos nanoestruturados foi atribuída a efeitos estéricos e a 





aquecimento dos carreadores lipídicos nanoestruturados recobertos, interações 
hidrofóbicas foram favorecidas a temperaturas entre 50-70 ºC, o que preveniu a 
expulsão do lipídio, e consequentemente a sepação de fase do sistema. Os resultados 
obtidos para os sistemas avaliados servem de base para o planejamento racional de 
formulações alimentícias contendo CHI, e incluem observações para o processamento 
térmico adequado desses alimentos. 
Palavras-chave: Separação de fases; interações moleculares; nanopartículas sólidas 































Chitosan (CHI) is a cationic polysaccharide that has potential applications in the food 
industry as an antioxidant and antimicrobial agent. However, the ability to interact 
strongly with other components of the food matrix limits its application in foods. In 
order to insert CHI into food formulations, it is important to take into account the nature 
of the molecular interactions involved in its association with other molecules. In this 
thesis, different types of titration (calorimetric and turbidimetric), and ζ-potential 
measurements, thermal, chemical and rheological analysis were used to investigate the 
molecular interactions that act in the formation and stability of CHI-based systems. 
Specifically, the associative interactions of CHI in the complexation with three different 
anionic polysaccharides (gum Arabic (GA), sodium alginate (ALG) and κ-carrageenan 
(CRG)) and in the coating of nanostructured lipid carriers were investigated. The best 
conditions for the complexation of the polymers and for the coating of the 
nanostructured lipid carriers, as well as characteristics of the thermal behavior of both 
systems were evaluated. It was observed that in the complexation with the anionic 
polysaccharides, the pH, ionic strength, proportion and total polymer concentration 
were the main factors that influenced the phase separation of systems. The sulfated 
polysaccharide (CRG) interacted more strongly with CHI than the carboxylated 
polysaccharides (ALG and GA), and the increase in the ionic strength (0 - 100 mM 
NaCl) resulted in a significant reduction (p≤0.05) of binding constant (Ka) of the 
GA:CHI and CRG:CHI complexes. The different polymer proportions resulted in 
variations in the viscoelastic modulus, G' and G", which followed a trend parallel to the 
charge stoichiometry of the GA:CHI, ALG:CHI and CRG:CHI complexes. In the 
condition where the charge stoichiometry of the complexes was reached, the ALG:CHI 
complex, whose individual polymers did not gel, formed weak gels in the cooling, and 
the extent of the gel temperature range of the CRG was observed. GA:CHI complexes 
did not gel under any of the conditions evaluated. In the coating of the nanostructured 
lipid carriers, the electrostatic deposition of the CHI on the surface of the particles 
promoted the inversion of the ζ-potential of the same. The short and long term stability 
of the nanostructured lipid carriers was attributed to steric effects and the electrostatic 
repulsion promoted by the coating of particles with CHI. In heating the coated 
nanostructured lipid carriers, hydrophobic interactions were favored at temperatures 





phase separation of the system. The results obtained for the systems evaluated serve as a 
basis for the rational planning of food formulations containing CHI, and include 
observations for the appropriate thermal processing of these foods. 
Keywords: Phase separation; molecular interactions; solid lipid nanoparticles; 
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1. INTRODUÇÃO GERAL 
A quitosana é um polissacarídeo catiônico que geralmente é obtido a partir da 
desacetilação parcial da quitina, comercialmente extraída da parede celular de fungos ou 
do exoesqueleto de artrópodes (RAVI KUMAR, 2000). Quimicamente, a quitosana é um 
copolímero linear, composto por unidades de N-acetilglucosamina e D-glucosamina 
associadas por ligações β(1→ 4) (JAYAKUMAR; PRABAHARAN; MUZZARELLI, 
2011). O polímero possui três grupos funcionais reativos em sua estrutura, um grupo amina 
na posição C2, e grupos hidroxila primários e secundários nas posições C3 e C6, 
respectivamente (CLAESSON; NINHAM, 1992; SHAHIDI; ARACHCHI; JEON, 1999). 
As propriedades biológicas da quitosana podem variar em função do grau de 
desacetilação e da massa molecular do polímero, mas geralmente a quitosana apresenta 
uma elevada capacidade antioxidante e antimicrobiana (FERREIRA et al., 2014; 
HIGUERAS et al., 2015; LUO; WANG, 2014; VERLEE; MINCKE; STEVENS, 2017). 
Em 2012, a quitosana foi aprovada como GRAS (General Recognized as Safe) 
pelo FDA (Food and Drug Administration) para uso como aditivo em alimentos (FDA, 
2012). Recentemente, um trabalho revisou a literatura destacando o uso deste polímero 
na clarificação, conservação, encapsulação e embalagem de diferentes tipos de bebidas 
(alcoólicas, lácteas e não alcoólicas, incluindo sucos de frutas, néctares, sucos de frutas 
concentrados, café e chás) (ROCHA; COIMBRA; NUNES, 2017). Destas aplicações, 
apenas o uso como conservante está implementado no mercado, onde formulações a 
base de quitosana fúngica, denominadas OENOBRETT® (Laffort) e BACTILESS™ 
(Lallemand), têm sido comercializadas (ROCHA; COIMBRA; NUNES, 2017; 
VALERA et al., 2017). 
A aplicação da quitosana em alimentos é limitada, tanto pela sua baixa 
solubilidade em meio aquoso (HE et al., 2017), quanto pelo seu potencial de interagir 
fortemente com outros componentes da matriz alimentícia (NUNES et al., 2016; 
ROCHA; COIMBRA; NUNES, 2017). Portanto, o uso racional deste polissacarídeo no 
setor de alimentos depende fortemente do entendimento da origem e natureza das 
interações moleculares envolvidas em sua associação com outras moléculas.  
O caráter catiônico da quitosana é o principal fator que faz com que este 
polissacarídeo interaja fortemente com outras moléculas, especialmente as de carga 
negativa, como proteínas (quando o pH > pI), ácidos graxos, fosfolipídios e 





Uma ampla variedade de métodos analíticos tem sido utilizada para fornecer 
informações sobre as interações entre polissacarídeos e proteínas (TURGEON, et al., 
2003). O número de estudos nessa área cresceu bastante nos últimos vinte anos, e se 
reflete em frequentes revisões abordando o tema (COOPER et al., 2005; DE KRUIF; 
WEINBRECK; DE VRIES, 2004; DOUBLIER et al., 2000; FRITH, 2010; 
MOSCHAKIS; BILIADERIS, 2017; SAMANT et al., 1993; SCHMITT et al., 1998; 
SCHMITT; ABERKANE; SANCHEZ, 2009; SCHMITT; TURGEON, 2011; 
TURGEON et al., 2003; TURGEON; LANEUVILLE, 2009; WARNAKULASURIYA; 
NICKERSON, 2018). No caso da quitosana, algumas das proteínas com as quais foi 
avaliada a complexação com este polímero são a albumina de soro bovino (BEKALE; 
AGUDELO; TAJMIR-RIAHI, 2015), β-lactoglobulina (GUZEY; MCCLEMENTS, 
2006), ovalbumina (XIONG, WENFEI et al., 2016), proteína de soja (HUANG et al., 
2012; YUAN et al., 2017), proteína do soro de leite (CLAESSON; NINHAM, 1992), 
gelatina (YIN et al., 2005) e proteína de ervilha (ELMER et al., 2011). 
O estudo das interações entre polissacarídeos tem recebido menos atenção em 
relação ao estudo das interações proteína-polissacarídeo. A maioria dos trabalhos na 
área de alimentos que avalia misturas de polissacarídeos é voltada à caracterização de 
géis, hidrogéis ou filmes e recobrimentos comestíveis, e não ao estudo das interações 
moleculares associadas à formação desses sistemas. 
Da mesma forma, o estudo da interação polímero-lipídio é muito mais comum 
em sistemas à base de proteína do que de polissacarídeos, apesar da existência de alguns 
trabalhos que tem avaliado a capacidade da quitosana de estabilizar emulsões óleo em 
água (KLINKESORN, 2013; SCHULZ et al., 1998). O fato de muitas proteínas 
apresentarem atividade superfícial é o principal motivo para a ampla investigação da 
associação destas, com diferentes lipídios (ALZAGTAT; ALLI, 2002). O mesmo 
justifica o estudo do sistema proteína-polissacarídeo. A capacidade emulsificante das 
proteínas, combinada à estabilização estérica promovida pelos polissacarídeos, confere 
funcionalidades a este sistema que o tornam bastante atrativo para o uso como 
estabilizante no desenvolvimento de emulsões livres de surfactantes sintéticos. 
Nesta tese, acreditamos que a demanda por alimentos mais saudáveis, livres de 
conservantes e antioxidantes naturais também pode ser inserida na proposta de estudo 
de sistemas polissacarídeo-polissacarídeo e polissacarídeo-lipídio, tendo a quitosana 
como polímero base. Mas o foco principal deste trabalho foi avaliar as interações e o 





lipídica sólida. Especificamente, uma combinação de diferentes técnicas analíticas foi 
utilizada para investigar a natureza das interações moleculares entre a quitosana e três 
polissacarídeos aniônicos, dois deles (goma Arábica e alginato de sódio) com cargas 
negativas devido à presença de grupos laterais carboxílicos (-CO2
−, pKa 2.5-4.5), e o 
terceiro (κ-carragena) devido à presença de grupos sulfato (-SO4
−, pKa < 0.5-1.5) 
(JONES; MCCLEMENTS, 2010; WANG; LOGANATHAN; LINHARDT, 1991).  
Entre os polímeros carboxilados, a goma Arábica e o alginato de sódio foram 
selecionados por apresentarem cadeias ramificadas e lineares, respectivamente 
(IMESON, 2010; PHILLIPS; WILLIAMS, 2009; STEPHEN; PHILLIPS; WILLIAMS, 
2006). A interação da quitosana com matrizes lipídicas foi avaliada na sequência. Para 
isso, foram formulados carreadores lipídicos nanoestruturados, que correspondem a um 
tipo específico de partícula lipídica que é sólida a temperatura ambiente (MÜLLER; 
MÄDER; GOHLA, 2000). O recobrimento dessas partículas com quitosana foi feito por 
deposição eletrostática, onde a quitosana interagiu com as cargas negativas dos grupos 
carboxila dos lipídios (VAN TRAN et al., 2019; YOSTAWONKUL et al., 2017) 
As interações eletrostáticas figuram como a principal força motriz associada ao 
desenvolvimento dos sistemas propostos neste trabalho. Uma literatura abundante 
comprova que tais interações são afetadas tanto por fatores ambientais, incluindo pH, 
força iônica, relação e concentração total de polímero, quanto por fatores intrínsecos, 
como natureza dos grupos iônicos e a densidade de carga dos polímeros (GRINBERG; 
TOLSTOGUZOV, 1997; TOLSTOGUZOV, 2006). Dessa forma, a manipulação desses 
fatores pode influenciar diretamente as propriedades do sistema, permitindo modular a 
textura, a estrutura, e o comportamento viscoelástico do mesmo (NORTON; FRITH, 
2001; SAMANT et al., 1993). O mesmo acontece em relação a outros tipos de 
interações moleculares, como no caso das interações hidrofóbicas e ligações de 
hidrogênio, onde mudanças na temperatura, por exemplo, podem influenciar as 
propriedades reológicas de misturas poliméricas (LIU; WINTER; PERRY, 2017). De 
tal forma, a principal motivação deste trabalho foi avaliar a contribuição de diferentes 
interações moleculares na associação da quitosana com polímeros aniônicos, e com uma 
matriz lipídica, a fim de se ter condições de estruturar sistemas mais complexos, e assim 








2.1. Objetivo geral 
O objetivo desta tese de doutorado foi explorar a contribuição de diferentes 
interações moleculares na formação e estabilidade de dois sistemas a base de quitosana. 
Em um deles, as interações polissacarídeo-polissacarídeo foram avaliadas na 
complexação da quitosana com três polissacarídeos aniônicos (goma Arábica, alginato 
de sódio e κ-carragena), no outro, as interações polissacarídeo-lipídio foram avaliadas 
no recobrimento de carreadores lipídicos nanoestruturados com quitosana.  
 
2.2. Objetivos específicos  
 Caracterizar o comportamento dos polímeros (quitosana, alginato, goma Arábica 
e κ-carragena) em solução determinando o valor do potencial zeta em função do pH; 
 Avaliar a influência do pH e da razão molar entre os polímero na formação e 
estabilidade dos complexos; 
  Determinar a estequiometria dos complexos por análises de calorimetria de 
titulação isotérmica; 
 Avaliar o comportamento reológico dos complexos em função da temperatura, 
variando a razão polimérica;  
 Desenvolver uma partícula lipídica sólida no intuito de utilizá-la como uma 
matriz para deposição eletrostática da quitosana; 
 Fazer o recobrimento da partícula lipídica, e caracteriza a mesma quanto à 
distribuição de tamanho, potencial zeta, morfologia e estabilidade; 
 Avaliar a eficiência de encapsulação da vitamina D nas matrizes lipídicas 
(recobertas e não recobertas com quitosana), e caracterizar o sistema quanto à 






3. ESTRUTURA DA TESE 
A tese está dividida em nove capítulos, sendo a Introdução Geral, os Objetivos 
Gerais e Específicos e a Estrutura da Tese apresentados no Capítulo I. Na sequência, 
uma revisão bibliográfica das principais interações moleculares que ocorrem entre 
polissacarídeos, e entre polissacarídeos e lipídeos é feita no Capítulo II. 
O Capítulo III corresponde ao primeiro artigo científico desenvolvido na tese. 
A complexação da quitosana com polímeros aniônicos (goma Arábica, alginato de sódio 
e κ-carragena) foi inicialmente avaliada em diferentes pHs e proporções poliméricas, 
por meio de medidas do potencial zeta das amostras. Um estudo de calorimetria de 
titulação isotérmica determinou as constantes de associação entre os polímeros e a 
estequiometria de cada um dos sistemas em diferentes concentrações de sal (força 
iônica). Um estudo complementar, no qual se avaliou a turbidez das amostras durante a 
titulação de um polímero no outro procurou mimetizar as condições de análise aplicadas 
aos ensaios calorimetria de titulação isotérmica e assim correlacionar as mudanças de 
entalpia associadas às interações polissacarídeo-polissacarídeo com a formação dos 
complexos solúveis ou insolúveis. 
No Capítulo IV o comportamento reológico dos complexos em função da 
temperatura foi avaliado em regime oscilatório. Diferentes proporções poliméricas 
foram caracterizadas a fim de se estabelecer uma relação entre a complexação e o 
comportamento reológico das amostras. Análises complementares de calorimetria 
exploratória diferencial e espectroscopia no infravermelho com transformada de Fourier 
foram realizadas para confirmar a interação entre os polímeros. 
O Capítulo V apresenta a produção e o recobrimento de carreadores lipídicos 
nanoestruturados com quitosana. O trabalho avaliou desde a seleção das matérias-
primas até a estabilidade ao armazenamento da partícula final. A contribuição de 
interações eletrostáticas e de efeitos estéricos é discutida em relação à estabilidade física 
das partículas. A estabilidade térmica das partículas avaliadas também foi discutida. 
No Capítulo VI uma discussão geral dos resultados obtidos na tese é 
apresentada. O Capítulo VII traz a conclusão final da tese e as perspectivas de pesquisa 
para trabalhos futuros. No Capítulo VIII são apresentadas todas as referências do 
trabalho. No Capítulo IX, o material suplementar dos Capítulos III e V, e a permissão 
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Os polissacarídeos são biopolímeros constituídos por mais de vinte unidades 
monossacarídicas unidas por ligações glicosídicas (NELSON; COX, 2001). Embora 
comumente classificados de acordo com a origem (vegetal, animal, fúngica ou 
bacteriana), os polissacarídeos também podem ser categorizados de acordo com a 
identidade dos monossacarídeos presentes em sua estrutura (BELITZ; GROSCH; 
SCHIEBERLE, 2009). Os homopolissacarídeos, por exemplo, são polissacarídeos 
formados por unidades monossacarídicas idênticas, enquanto os heteropolissacarídeos 
são constituídos por dois ou mais tipos de monossacarídeos (NELSON; COX, 2001). 
Neste último caso, as unidades monossacarídicas são geralmente ligadas umas às outras 
seguindo um determinado padrão, que constitui a unidade de repetição do polímero 
(BEMILLER, 2008). 
As ligações glicosídicas entre as unidades monossacarídicas são ligações 
covalentes e estão intimamente relacionadas à conformação tridimensional e a 
flexibilidade da cadeia polimérica dos polissacarídeos (HUBER; MCDONALD; 
BEMILLER, 2006; NELSON; COX, 2001). De forma geral, estas ligações são oriundas 
de uma reação de condensação entre o carbono anomérico de um monossacarídeo e um 
grupo hidroxila de outro (BERTOZZI; RABUKA, 2017). O carbono em questão pode 
apresentar duas configurações anoméricas, originando assim, ligações do tipo α-
glicosídicas ou β-glicosídicas (BLANCO; BLANCO, 2017).  
As hidroxilas livres que estão presentes nas unidades monoméricas dos 
polissacarídeos, possibilitam que um determinado monossacarídeo possa estar 
envolvido em mais de uma ligação glicosídica, e quando isso ocorre, são formadas 
ramificações na cadeia polimérica (LIU, 2005). Assim, os polissacarídeos podem 
apresentar ramificações em diferentes posições da cadeia (BERTOZZI; RABUKA, 
2017; BLANCO; BLANCO, 2017), e dependendo do tamanho dessas ramificações, e 
da frequência de sua ocorrência, diferentes estruturas poliméricas podem ser formadas 
(HUBER; MCDONALD; BEMILLER, 2006; LIU, 2005). Como exemplo, a Figura 1.1 
ilustra uma cadeia polimérica linear e algumas cadeias poliméricas com ramificações 
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Figura 1.1 Representação de uma cadeia polimérica linear (a), e de cadeias poliméricas 
com ramificação longa (b), ramificação curta (c), e ramificações curtas e longas (d) 
(Adaptado de GABORIEAU & CASTIGNOLLES (2011) e BEMILLER (2019)) 
A posição das ligações glicosídicas é geralmente representada pelo número dos 
carbonos envolvidos na ligação. Ligações glicosídicas do tipo 1→  4, por exemplo, 
representam a ligação entre o carbono anomérico na posição um (C1) de uma unidade 
monossacarídica e o grupo hidroxila na posição C4 de outro monossacarídeo. 
Ligações deste tipo dão origem a estruturas altamente simétricas, enquanto ligações do 
tipo 1→ 3 fornecem estruturas menos simétricas e geralmente mais solúveis em água, 
e ligações 1→  6 apresentam uma solubilidade em água ainda maior, e em geral, são 
menos  simétricas (LIU, 2005).  
Da mesma forma que a posição da ligação glicosídica influencia a solubilidade 
dos polissacarídeos, a configuração anomérica da ligação glicosídica também pode 
influenciar este parâmtro, uma vez que polissacarídeos com um maior número de 
ligações α tendem a ser mais solúveis do que os que apresentam uma maior proporção 
de ligações do tipo β (HUBER; MCDONALD; BEMILLER, 2006; LIU, 2005). 
Contudo, a solubilidade dos polissacarídeos também é limitada por outros fatores, entre 
eles, a massa molecular (FRITH, 2010; TOLSTOGUZOV, 2006).  
 Outra classificação entre os polissacarídeos, e que também pode influenciar a 
solubilidade polimérica, é a natureza iônica do polímero. Dependendo da presença e do 
tipo de grupos funcionais carregados que as unidades monoméricas carregam, e das 
condições do meio (pH e força iônica), os polissacarídeos podem ser neutros; podem 
estar carregados positivamente (polissacarídeos de caráter catiônico); ou podem estar 
carregados negativamente (polissacarídeos de caráter aniônico) (BEMILLER, 2019). Os 
polissacáridos aniônicos tendem a ser neutros a valores de pH abaixo de seu pKa, e 
negativos acima do pKa; enquanto os polissacáridos catiônicos são neutros a valores de 
pH acima do pKa, mas abaixo do pKa são carregados positivamente (YAN; ZHANG, 
2014). Com base nas classificações apresentadas para os polissacarídeos, a Tabela 1 





Tabela 1. Classificação dos polissacarídeos em função da unidade monomérica, do tipo de ligação glicosídica, ramificação da cadeia, natureza 
iônica, origem e função biológica (Adaptado de BELITZ; GROSCH; SCHIEBERLE, 2009; HUBER; MCDONALD; BEMILLER, 2006; 




























Reserva de energia 
Glicogênio Homo- Glc α(1→ 4), α(1→ 6) Ramificado Neutro Animal Reserva de energia 
Celulose Homo- Glc β(1→ 4) Linear Neutro Vegetal Estrutural 
Quitina Homo- GlcNAc β(1→ 4) Linear Neutro Animal Estrutural 
Inulina Homo- Fru β(2→ 1) Linear Neutro Vegetal Reserva de energia 
Dextrana Homo- Glc 
α(1→ 6), α(1→ 2), 




Reserva de energia 
Quitosana Hetero- GlcNAc, GlcN β(1→ 4) Linear Catiônico (-NH3
+) Animal / Fúngica Estrutural 
Pectina Hetero- GalA, Rha α(1→ 4), α(1→ 2) Ramificado Aniônico (COO-) Vegetal Estrutural 











β(1→ 4), α(1→ 3) 









Vegetal (Algas) Estrutural 
Gelana Hetero- Glc, Rha, GlcA α(1→ 3), β(1→ 4) Linear Aniônico (COO-) Bacteriana Estrutural 
Xantana Hetero- Glc, Man, GluA β(1→ 4), β(1→ 2) Ramificado Aniônico (COO-) Bacteriana Estrutural 
Goma Arábica Hetero- 
Gal, Ara, Rha, 
GluA, MeGlcA 
β(1→ 3), β(1→ 6) Ramificado Aniônico (COO-) Vegetal Estrutural 
Glc = Glicose; Fru = Frutose; Rha = Ramnose; Gal = Galactose; Ara = Arabinose; GlcNAc = N-Acetilglicosamina; GlcN = Glicosamina; GulA = Ácido gulurônico; ManA = 
Ácido manurônico; GalA = Ácido galacturônico; GlcA = Ácido glucurônico; MeGlcA = 4–0-Ácido metil-glucurônico; anGal = 3,6-anhydro-galactose; anGal(2S) = 3,6-anidro-
galactose-2-sulfato;Gal(4S) = Galactose-4-sulfato. 






Com base na Tabela 1, e levando em consideração que a maioria dos 
polissacarídeos citados, além de estar naturalmente presente em alguns alimentos, são 
utilizados como aditivos em formulações alimentícias, é importante destacar quais 
características químicas e estruturais destes polímeros se relacionam com as 
propriedades funcionais e tecnológicas que justificam o uso dos mesmos na indústria de 
alimentos (BELITZ, et al., 2004; WIERCIGROCH et al., 2017; YAN; ZHANG, 2014). 
Em primeiro lugar, a capacidade que os polissacarídeos apresentam de 
influenciar as propriedades de sistemas aquosos, mesmo quando em baixas 
concentrações, é uma das principais características que viabiliza a sua aplicação como 
aditivos em alimentos, especialmente como agentes espessantes, estabilizantes 
gelificantes, ou emulsificantes (BELITZ, et al., 2004; WIERCIGROCH et al., 2017; 
YAN; ZHANG, 2014). A interação dos polissacarídeos com a água é favorecida 
principalmente pela presença de hidroxilas livres nas unidades monoméricas que 
compõem estes polímeros, e que por sua vez permitem a formação de pontes de 
hidrogênio em meio aquoso (BEMILLER, 2019). A água também é o principal 
plasticizante para os polissacarídeos, estando relacionada às transições vítreas 
apresentadas por estes polímeros. Dessa forma, a crocância, e outras características de 
textura e vida útil de alguns alimentos podem ser controladas a partir da manipulação da 
transição vítrea do produto, pelo uso de diferentes polissacarídeos, e do controle da 
quantidade de água presente no alimento (BEMILLER, 2019). 
Além da capacidade de interagir com água, e ser plasticizado por ela, 
propriedades físicas como solubilidade, viscosidade e capacidade de gelificação são 
adicionalmente influenciadas por outras características moleculares inerentes a cada 
polissacarídeo (STEPHEN, ALISTAIR; CHURMS, 2006). A solubilidade em água, 
como discutido anteriormente, é geralmente aumentada por características moleculares 
que impedem a formação uma estrutura tridimensional ordenada (mais simétricas) ou 
que apresentem barreiras físicas para as interações intermoleculares (por exemplo, 
cargas repulsivas na cadeia polímerica) (HUBER; MCDONALD; BEMILLER, 2006). 
A viscosidade dos polissacarídeos em solução varia em função da concentração 
de polímero e do volume hidrodinâmico das moléculas em solução e, portanto, é 
influenciada pela forma do polímero em solução e por sua massa molecular  
(BEMILLER, 2019; HUBER; MCDONALD; BEMILLER, 2006; WILLIAMS, 2011). 





movimento, maior a viscosidade resultante (assumindo uma concentração de polímero 
constante) (HUBER; MCDONALD; BEMILLER, 2006). 
Alguns polissacarídeos também apresentam a capacidade de formar estruturas de 
gel tridimensionais, em concentrações relativamente baixas, pela associação física de 
suas cadeias poliméricas (WILLIAMS, 2011). Isso resulta da criação de zonas de junção 
estáveis através de interações moleculares, como as ligações de hidrogênio, as 
interações hidrofóbicas e a reticulação mediada por íons (HUBER; MCDONALD; 
BEMILLER, 2006; WILLIAMS, 2011) 
O uso de polissacarídeos como agente emulsificante em emulsões é geralmente 
limitado, pois esta funcionalidade requer uma substancial atividade superficial na 
interface óleo-água (DICKINSON, 2009). Os emulsionantes polissacarídicos mais 
utilizados são a goma Arábica, amidos modificados, celuloses modificadas, alguns tipos 
de pectina e algumas galactomananas (BAI et al., 2017; DICKINSON, 2003; JIN et al., 
2017). Segundo Dickinson (2009, 2018), a atividade superficial destes polissacarídeos 
está relacionada ao caráter não polar dos grupos químicos ligados ao polissacarídeo, ou 
à presença de componentes proteícos ligados covalentemente ou fisicamente na cadeia 
polissacarídica. 
2. INTERAÇÕES POLISSACARÍDEO-POLISSACARÍDEO 
2.1. MISTURA DE POLISSACARÍDEOS EM SOLUÇÃO 
Como apresentado na seção anterior, os polissacarídeos são biomacromoléculas 
que diferem entre si na identidade de seus monômeros, tipo de ligação, comprimento de 
cadeia, grau de ramificação e natureza iônica. Devido a isso, oferecem propriedades 
funcionais distintas para várias aplicações em alimentos, determinando em grande parte, 
a estabilidade, a estrutura, a textura e as propriedades viscoelásticas de formulações 
alimentícias (BEMILLER, 2019; YAN; ZHANG, 2014). Dessa forma, alguns 
polissacarídeos, quando combinados, podem exibir características físicas e químicas 
únicas, que podem conferir propriedades funcionais melhoradas em relação aos 
polímeros individuais.  
A combinação de polissacarídeos já é comum na indústria de alimentos, onde 
geralmente é utilizada para melhorar as propriedades reológicas de alguns produtos. 
(WILLIAMS; PHILLIPS, 2009). Exemplos clássicos dessas misturas incluem os 





FERNANDES; GONÇALVES; DOUBLIER, 1993), goma locusta e goma xantana 
(CASAS; GARCÍA-OCHOA, 1999; GRENHA; DIONÍSIO, 2012; PINHEIRO et al., 
2011; YOO; KIM; YOO, 2005), e as misturas de diferentes tipos de amido com a goma 
locusta (FUNAMI et al., 2005; YOO; KIM; YOO, 2005), goma guar (FUNAMI et al., 
2005; YOO; KIM; YOO, 2005), goma tara (FUNAMI et al., 2005; LEE; JO; YOO, 
2017), glucomanana de konjac (FUNAMI et al., 2005), goma xantana (KIM; YOO, 
2006; WANG; SUN; WANG, 2001) e goma Arábica (FUNAMI et al., 2008). 
A obtenção de filmes e recobrimentos comestíveis a partir da mistura de 
diferentes polissacarídeos também é relatada em muitos trabalhos na literatura, devido 
principalmente à boa propriedade de barreira a gases que os polissacarídeos oferecem 
(DHANAPAL et al., 2012; HASSAN et al., 2018). Esses materiais são geralmente 
utilizados no recobrimento de frutas, alimentos minimamente processados e produtos 
suscetíveis à oxidação lipídica (TAVASSOLI-KAFRANI et al., 2016).  Quando 
aplicados a produtos cárneos, estes filmes podem ser utilizados no desenvolvimento de 
embalagens com atmosfera modificada, no intuito de evitar o encolhimento do produto, 
a contaminação microbiana e a descoloração da superfície cárnea (NUSSINOVITCH, 
2009). Alguns exemplos de misturas de polissacarídeos que são geralmente aplicadas 
em filmes e recobrimentos incluem alginato e gelana (ROJAS-GRAÜ et al., 2007; 
ROJAS-GRAÜ; TAPIA; MARTÍN-BELLOSO, 2008; TAPIA et al., 2008), alginato e 
pectina (GALUS; LENART, 2013; MENEZES; ATHMASELVI, 2016), alginato e 
quitosana (ARZATE-VÁZQUEZ et al., 2012), alginato e celulose (SIRVIÖ et al., 
2014), alginato e ι-carragena (HAMBLETON; VOILLEY; DEBEAUFORT, 2011), κ-
carragena e pectina (ALVES et al., 2011), κ-carragena e amido (ABDOU; SOROUR, 
2014), κ-carragena e goma locusta (MARTINS et al., 2012), κ-carragena e quitosana 
(OLAIMAT; FANG; HOLLEY, 2014), goma locusta e goma xantana (KURT; TOKER; 
TORNUK, 2017), e outros.  
A mistura de polissacarídeos também tem sido utilizada para criar diferentes 
estruturas de gel, que visam imobilizar gotículas de óleo líquido em uma matriz 
polimérica para produzir alimentos com reduzido teor de gordura e com o perfil de 
ácidos graxo melhorado (ATASHKAR; HOJJATOLESLAMY; SEDAGHAT 
BOROUJENI, 2018; HERRERO et al., 2014; SALCEDO-SANDOVAL et al., 2013). O 
desenvolvimento de maioneses, utilizando misturas de amido e goma xantana (MUN et 
al., 2009), goma xantana e goma guar (SU et al., 2010), e a produção de salsichas 





MARTÍNEZ; VIVAR-QUINTANA; REVILLA, 2004), ou κ-carragena e pectina 
(CANDOGAN; KOLSARICI, 2003a, b), são exemplos de produtos com reduzido teor 
de gordura, formulados a partir de misturas de polissacarídeos.  
Recentemente, Patel et al. (2014) e Meng et al. (2018) estruturaram um óleo 
líquido sob a forma de um oleogel utilizando misturas de goma xantana com dois 
diferentes éteres de celulose, a hidroxipropilmetilcelulose (HPMC) e a metilcelulose 
(MC). Segundo os autores, o principal desafio associado ao desenvolvimento de um 
produto com as características de um oleogel a partir de polissacarídeos é o caráter 
hidrofílico desses polímeros. Por isso, derivados de celulose, que são de caráter 
anfifílico, são promissores para o desenvolvimento desse tipo de formulação (PATEL; 
DEWETTINCK, 2015; SINGH; AUZANNEAU; ROGERS, 2017). 
Outro derivado de celulose que também tem sido utilizado na formulação de 
novos produtos é a carboximetilcelulose (CMC). Sua mistura com a goma xantana foi 
investigada para o desenvolvimento de produtos sem glúten (MOHAMMADI, 
MEHRDAD et al., 2014), da mesma forma que as misturas de goma xantana e goma 
guar (SUMNU et al., 2010), pectina e goma guar (GAMBUŚ et al., 2001), e HPMC e 
goma xantana (CROCKETT; IE; VODOVOTZ, 2011). 
Uma variedade de sistemas a base de polissacarídeos também tem sido avaliada 
para uso na área de micro e nanoencapsulação de compostos bioativos. O objetivo 
principal da maioria desses sistemas é atuar como uma barreira de proteção à 
degradação química e/ou física do composto veiculado, ou promover a liberação 
controlada de substâncias lipo ou hidrossolúveis no trato gastrointestinal (ANAL; 
STEVENS, 2005; MACIEL; YOSHIDA; FRANCO, 2015). Microcápsulas (BRIONES; 
SATO, 2010; DEVI; MAJI, 2009; DIMA et al., 2016), microesferas (DIMA et al., 
2014), multicamadas (ACEVEDO-FANI et al., 2017; CARNEIRO-DA-CUNHA et al., 
2010; PINHEIRO; BOURBON; MEDEIROS; et al., 2012; PINHEIRO; BOURBON; 
QUINTAS; et al., 2012), e hidrogéis (MITSUMATA et al., 2003) são alguns dos 
principais tipos de estruturas formuladas com este objetivo. A tendência na área é 
explorar determinadas características dos polímeros individuais, visando obter 
formulações que possibilitem aplicações cada vez mais específicas, o que requer um 
grande controle das condições de mistura e das variáveis de processo 
(GHARIBZAHEDI et al., 2018).  
Neste contexto, o estudo do comportamento de misturas poliméricas em solução 





e repulsivas) se associam aos efeitos sinérgicos e antagônicos observados por muitos 
autores na literatura, mas que nem sempre são elucidados em detalhe, na grande maioria 
dos trabalhos. Por alguns anos, estudos fundamentais sobre os diferentes tipos de 
separação de fases em misturas poliméricas foram pouco frequentes na literatura, mas 
no último vintênio a situação tem sido diferente, o que reflete no aumento do número 
artigos de revisão na área, envolvendo principalmente misturas de proteínas e 
polissacarídeos (COOPER et al., 2005; DE KRUIF; WEINBRECK; DE VRIES, 2004; 
DOUBLIER et al., 2000; FRITH, 2010; MOSCHAKIS; BILIADERIS, 2017; 
SCHMITT et al., 1998; SCHMITT; ABERKANE; SANCHEZ, 2009; SCHMITT; 
TURGEON, 2011; TURGEON et al., 2003; TURGEON; LANEUVILLE, 2009; 
WARNAKULASURIYA; NICKERSON, 2018), e proteínas somente 
(CROGUENNEC; TAVARES; BOUHALLAB, 2017; SCHREIBER, 2002). O estudo 
da separação de fases de misturas de polissacarídeos em meio aquoso ainda é pouco 
difundido na literatura, apesar da aplicação de sistemas a base de misturas de 
polissacarídeos já ser feita na indústria de alimentos.  
2.2. SEPARAÇÃO DE FASES EM MISTURAS DE POLISSACARÍDEOS 
O comportamento de fase de misturas binárias de polissacarídeos em meio 
aquoso é importante tanto do ponto de vista prático quanto teórico. Uma questão 
fundamental neste contexto é determinar como o comportamento de fases está 
relacionado às interações moleculares (atrativas e/ou repulsivas) que ocorrem entre os 
componentes do meio, e como fatores intrínsecos e extrínsecos podem ser manipulados 
para obter sistemas com propriedades adequadas para uma dada aplicação.  
As forças repulsivas em uma mistura de polímeros em meio aquoso surgem 
principalmente do efeito de volume excluído e da repulsão eletrostática entre os grupos 
ionizáveis  de carga semelhante (SEMENOVA,  2007), enquanto as interações 
termodinamicamente favoráveis (atrativas) são geralmente conduzidas por contribuições 
de natureza entálpica ou entrópica (SEMENOVA, 2007; TURGEON; SCHMITT; 
SANCHEZ, 2007).  
Um delicado balanço entre contribuições entrópicas favoráveis (−TΔS) e 
entálpicas desfavoráveis (ΔH) determina o valor da energia livre de Gibbs da mistura 
(ΔG) e, portanto, a compatibilidade (∆G < 0) ou incompatibilidade (∆G > 0) 





A compatibilidade termodinâmica ocorre quando os polímeros são carregados de 
forma oposta, resultando na formação espontânea de complexos solúveis, ou na 
separação de fases, líquido-líquido (coacervação complexa), ou sólido-líquido 
(precipitação) (TURGEON; SCHMITT; SANCHEZ, 2007; TURGEON, et al., 2003; 
TURGEON; LANEUVILLE, 2009). Por outro lado, a incompatibilidade termodinâmica 
geralmente é observada quando os polímeros carregam cargas similares, o que ocasiona 
a repulsão eletrostática entre as macromoléculas e, consequentemente, a formação de 
duas fases distintas, cada uma rica em um dos componentes da mistura (CHOLLAKUP 
et al., 2013; COMERT et al., 2016; DE KRUIF; WEINBRECK; DE VRIES, 2004; 
KIZILAY; KAYITMAZER; DUBIN, 2011; TOLSTOGUZOV, 2006; WEINBRECK, 
FANNY et al., 2003).  
Quando uma mistura de polímeros não separa fase, os polímeros são co-solúveis, 
e se distribuem de maneira uniforme no meio (GRINBERG; TOLSTOGUZOV, 1997). 
Contudo, a co-solubildade de polissacarídeos só é observada em soluções diluídas, onde 
a entropia de mistura favorece a distribuição aleatória das macromoléculas em solução 
(FRITH, 2010; GOH; SARKAR, 2008; TOLSTOGUZOV, 2003, 2006). Esta limitação 
é típica de macromoléculas poliméricas, cuja miscibilidade tende a diminuir com o 
aumento da massa molecular e da rigidez do polímero, devido principalmente aos 
efeitos de volume excluído (FRITH, 2010; TOLSTOGUZOV, 2006). Esse efeito resulta 
da competição das moléculas por espaço na solução, e é análogo ao conceito de 
exclusão estérica, que é um termo mais comum na área de alimentos (JONES; 
MCCLEMENTS, 2010). Normalmente, os efeitos de volume excluído determinam o 
limiar de separação de fases do sistema, que corresponde a uma concentração crítica, 
acima da qual o sistema separa fases (TOLSTOGUZOV, 2003). O esquema apresentado 
na Figura 2.1 ilustra os três comportamentos de fase descritos nesta seção (co-
solubilidade, compatibilidade termodinâmica e incompatibilidade termodinâmica), 






Figura 2.1 Representação do comportamento de fase de uma mistura de polissacarídeos 
em solução aquosa (Adaptado de MCCLEMENTS et al. (2009)). 
A incompatibilidade termodinâmica foi relatada pela primeira vez em 1896, pelo 
holandês Beijerinck, que avaliou a separação de fases em misturas de gelatina e amido, 
e gelatina e ágar (BEIJERINCK, 1896), enquanto o primeiro estudo a descrever um 
sistema termodinamicamente compatível foi publicado no ano de 1911, por Tiebackx, 
que estudou a separação de fases da mistura de gelatina e goma Arábica (TIEBACKX, 
1911).  
Em 1929, Bungenberg de Jong e Kruyt avaliaram a mistura dos biopolímeros 
descritos por Tiebackx e introduziram o termo “coacervação” para designar a separação 
de fases líquido-líquido observada neste sistema (BUNGENBERG DE JONG; KRUYT, 





Bungenberg de Jong diferencia a coacervação complexa, que corresponde a um caso 
específico de compatibilidade termodinâmica de polímeros carregados opostamente, da 
coacervação simples, que ocorre quando um único polímero ou coloide é colocado sob 
condições de dessolvatação (BUNGENBERG DE JONG, 1949).   
Bungenberg de Jong e seus colaboradores são considerados pioneiros no estudo 
da compatibilidade termodinâmica entre proteínas e polissacarídeos, pois foram os 
primeiros a avaliar, de forma sistemática, a separação de fases de polímeros em função 
do pH, força iônica, razão de polímero e temperatura (BUNGENBERG DE JONG, 
1949; BUNGENBERG DE JONG; HOSKAM; BRANDHOF-SCHAEGEN, 1941; 
BUNGENBERG DE JONG; KRUYT, 1929; BUNGENBERG DE JONG, 1936). Seus 
trabalhos foram baseados principalmente em resultados obtidos a partir do complexo 
gelatina e goma Arábica. Muito de sua pesquisa contribuiu para o desenvolvimento de 
modelos teóricos aplicados a separação de fases de sistemas poliméricos, como o 
modelo de Voorn e Overbeek (1957), que descreveu a coacervação complexa observada 
por Bungenberg de Jong ao combinar a teoria de Flory-Huggins com a teoria de Debye-
Hückel. Mais referências a respeito deste, e de outros modelos teóricos, para separação 
de fases em misturas poliméricas, e trabalhos relacionados ao tema, estão resumidos nos 
livros publicados por Flory (1953), Tompa (1956) e Morawetz (1965).  
No período de 1930 a 1970, três contribuições foram especialmente importantes 
para compreensão do comportamento de misturas de polissacarídeos em solução. O 
trabalho de Kuhn (1934), sobre o tamanho molecular e a flexibilidade polimérica; Flory 
(1949), sobre o efeito de volume excluído e interações polímero-solvente; e Flory 
(1939, 1941, 1942) e Stockmayer (1944), sobre gelificação de polímeros. Conceitos 
fundamentais apresentados nestes trabalhos são discutidos ao longo desta revisão. 
No início da década de 70, Albertsson publicou a primeira investigação 
sistemática da incompatibilidade termodinâmica de polissacarídeos em meio aquoso e 
descreveu o primeiro diagrama de fases para este tipo de sistema, caracterizando a 
separação de fases entre dextrana e metilcelulose (ALBERTSSON, 1970). Depois dele, 
outros trabalhos importantes, investigando sistemas a base de polissacarídeos foram 
publicados, incluindo um estudo de Antonov, Pletenko e Tolstoguzov (1987), que 
elaboraram diagramas de fases para misturas de polissacarídeos com diferentes 
estruturas (linear, ramificada, aniônica e não-iônica), e massas moleculares, a fim de 






Em 1992, Piculell e Lindman introduziram os termos separação de fases 
associativa e separação de fases segregativa para designar as misturas de polímeros que 
resultam da compatibilidade e da incompatibilidade termodinâmica, respectivamente 
(PICULELL; LINDMAN, 1992). Nesta revisão, estes termos serão utilizados a partir de 
agora para descrever os diferentes tipos de separações de fase entre polissacarídeos. 
2.2.1. Separação de fases associativa 
A interação eletrostática é a principal força envolvida na separação de fases 
associativa, mas ligações de hidrogênio e interações hidrofóbicas também podem estar 
associadas ao fenômeno (JONES; MCCLEMENTS, 2010; TURGEON et al., 2003; 
TURGEON; LANEUVILLE, 2009; WARNAKULASURIYA; NICKERSON, 2018). 
Do ponto de vista termodinâmico, esse tipo de separação de fases ocorre de forma 
espontânea, pois os polímeros são compatíveis termodinamicamente e, por isso, as 
interações polímero-polímero prevalecem sobre as interações polímero-solvente 
(SCHMITT et al., 1998). Para uma mistura de polissacarídeos em solução, a separação 
de fases associativa deve ocorrer na faixa de pH entre os pKa’s do polímero aniônico (-) 
e catiônico (+); pKa(-) < pH < pKa(+). Nesse intervalo, o polissacarídeo de caráter 
catiônico estará carregado positivamente (pH < pKa), o aniônico terá carga negativa 
(pH > pKa), e a interação eletrostática será favorecida, dando origem à formação de 
complexos solúveis ou insolúveis. 
Os complexos solúveis são formados quando há um excesso de um dos 
polímeros em solução (GOH; SARKAR, 2008; LE; RIOUX; TURGEON, 2017). Esses 
complexos são relativamente pequenos, e não dispersam fortemente a luz, levando à 
formação de uma solução ligeiramente turva (JONES; MCCLEMENTS, 2010; LE; 
RIOUX; TURGEON, 2017; TOLSTOGUZOV, 2008). A estequiometria de cargas 
desses complexos é alcançada quando uma dada razão de polímero e pH é atingida; 
nesta condição, a eletroneutralidade do sistema tende a ser satisfeita e a separação de 
fases ocorre (MOSCHAKIS; BILIADERIS, 2017; TOLSTOGUZOV, 2003; 
TURGEON; LANEUVILLE, 2009). 
Na separação de fases líquido-líquido (ou coacervação complexa), a fase densa e 
rica em polímero é denominada fase coacervada e coexiste com a fase diluída, relativa à 
solução em equilíbrio (BUNGENBERG DE JONG; KRUYT, 1929; TURGEON; 
LANEUVILLE, 2009). Os coacervados são caracterizados pela formação de domínios 





tempo formando uma fase de aspecto viscoso (JONES; MCCLEMENTS, 2010; 
TURGEON et al., 2003; TURGEON; LANEUVILLE, 2009). Por outro lado, a 
separação de fases sólido-líquido, que tem sido associada à interação de polímeros 
fortemente carregados, apresenta uma separação de fases muito rápida, que origina 
precipitados amorfos, pobres em solvente, e que exibem um comportamento 
viscoelástico semelhante ao de um sólido (JONES; MCCLEMENTS, 2010; 
MOSCHAKIS; BILIADERIS, 2017; SCHMITT et al., 1998).  
A fronteira entre a formação de coacervados e precipitados em uma separação de 
fases associativa tem sido investigada por alguns autores, mas ainda não está clara a 
influência de diferentes fatores intrínsecos e extrínsecos na formação das distintas 
estruturas (COMERT et al., 2016, 2017; GIATRELLIS et al., 2011). Comert et al. 
(2017) enfatizam que os fatores que influenciam a coacervação complexa têm sido 
extensivamente investigados, principalmente devido à vasta aplicação na encapsulação 
de compostos ativos, mas uma compreensão comparável da separação de fases sólido-
líquido é inexistente. 
Dos fatores intrínsecos que influenciam a coacervação complexa, os principais 
são a natureza dos grupos iônicos, grau de ionização, densidade e distribuição de cargas, 
flexibilidade das cadeias, massa molecular, e variação do estado conformacional dos 
polímeros (COOPER et al., 2005; TURGEON; SCHMITT; SANCHEZ, 2007; 
TURGEON et al., 2003). Fatores como pH, força iônica, temperatura, proporção e 
concentração total de polímero também influenciam a separação de fases líquido-líquido 
(MCCLEMENTS, 2006; SCHMITT; TURGEON, 2011). 
2.2.2. Separação de fases segregativa 
A separação de fases segregativa surge da incompatibilidade termodinâmica dos 
polímeros, uma vez que ocorre em condições em que interações repulsivas prevalecem 
sobre interações atrativas, impedindo que os polímeros se associem espontaneamente 
(TOLSTOGUZOV, 1999, 2003). Como os polissacarídeos (com exceção da quitosana) 
são polímeros aniônicos ou não-iônicos, esse tipo de separação de fases é comum em 
muitas misturas de polissacarídeo em meio aquoso. Contudo, as condições para 
incompatibilidade termodinâmica não dependem apenas da natureza dos grupos iônicos, 
mas também da estrutura dos polímeros envolvidos, devido principalmente aos efeitos 
de volume excluído (exclusão estérica) (FLORY, 1949; GRINBERG; 





isso, a massa molecular dos polímeros, a flexibilidade das cadeias poliméricas, as 
condições do solvente (pH e força iônica e temperatura) são fatores que influenciam a 
composição das fases em uma separação de fases segregativa (DOUBLIER et al., 2000; 
GOH; SARKAR, 2008) 
De acordo com Frith (2010), Jones e McClements (2010) a separação de fases 
segregativa em uma mistura polimérica pode levar um longo tempo para ser 
consolidada, podendo não ser observada durante a escala de tempo de um experimento 
convencional, o que dificulta a sua identificação e a caracterização das fases (FRITH, 
2010). Um outro fator que pode retardar ou mesmo impedir a separação de fases 
segregativa, é a gelificação dos polímeros durante a separação de fases, que é um 
fenômeno que também pode ocorrer na separação de fases associativa (FRITH, 2010; 
JONES; MCCLEMENTS, 2010). Este aspecto do comportamento de misturas 
poliméricas em solução será discutido em mais detalhes na Seção 1.4 desta revisão. 
2.3. PARÂMETROS QUE INFLUENCIAM A SEPARAÇÃO DE FASES 
 Os principais fatores, intrínsecos e extrínsecos, que influenciam o 
comportamento de fase em misturas polímericas foram introduzidos nas seções 
anteriores. Nesta seção, estes fatores serão discutidos em três tópicos, que estão 
associados às principais forças motrizes que cada tipo de separação de fases apresenta. 
Assim, o efeito de volume excluído, as interações eletrostáticas e por último, as 
interações hidrofóbicas e ligações de hidrogênio serão abordadas nos tópicos a seguir. 
Essa divisão facilita a compreensão da separação de fases em termos do favorecimento 
(ou desfavorecimento) dos diferentes tipos de interação molecular.  
2.3.1. Efeito do volume excluído  
O conceito de volume excluído está associado ao volume ocupado por uma 
molécula em solução, onde outra molécula é incapaz de penetrar (TOLSTOGUZOV, 
1999, 2008). Seus efeitos resultam da competição pelo volume disponível dentro de um 
sistema (GOH; SARKAR, 2008; JONES; MCCLEMENTS, 2010). Assim, quando 
diferentes polímeros são incapazes de compartilhar um mesmo espaço devido à sua 
forma, conformação, ou efeitos de carga, há uma mudança na entropia configuracional 
do sistema que é atribuída ao efeito de volume excluído (JONES; MCCLEMENTS, 
2010; TANFORD, 1961). Este efeito geralmente determina o limiar de separação de 





JONES; MCCLEMENTS, 2010). Em polissacarídeos ramificados, por exemplo, o 
menor volume excluído, em relação a polissacarídeos lineares de mesma massa 
molecular, resulta em um maior limiar de separação de fases (TOLSTOGUZOV, 1991).  
De acordo com Semenova e Savilova (1998), a intensidade das interações 
termodinamicamente desfavoráveis  entre os polímeros se correlaciona bem com a 
contribuição dos volumes excluídos das moléculas de polímero quando estes não são 
carregados. Por outro lado, quando os polímeros são opostamente carregados, a redução 
do volume excluído ocorre devido à interação entre as macromoléculas, e isso favorece 
o aumento da entropia de mistura do sistema em razão da liberação de contra-íons na 
solução (KHOKHLOV; NYRKOVA, 1992; TOLSTOGUZOV, 1999). 
Em baixa concentração polimérica, a liberação de contra-íons na solução é muito 
inferior à observada em concentrações mais altas de polímero. Estes contra-íons atuam 
de forma similar ao aumento da força iônica, blindando os sítios reativos presentes nas 
cadeias poliméricas, o que reduz a interação entre os polímeros, e promove supressão da 
complexação. Isso acontece quando se atinge uma concentração total de polímero 
crítica, na qual o ganho entrópico associado à liberação de contra-íons em solução não 
ocorre mais, uma vez a que concentração de contra-íons no meio e na vizinhança do 
polímero se tornam equivalentes (LI; XIA; DUBIN, 1994; SCHMITT; ABERKANE; 
SANCHEZ, 2009; TURGEON; LANEUVILLE, 2009). 
2.3.2. Interações eletrostáticas 
Alguns dos principais fatores que influenciam as interações eletrostáticas entre 
diferentes polissacarídeos são a natureza de seus grupos iônicos, a densidade de carga e 
fatores extrínsecos, principalmente pH e força iônica (SCHMITT; TURGEON, 2011; 
TURGEON; LANEUVILLE, 2009).  
Os grupos ionizáveis mais comuns entre os polissacarídeos são os grupos sulfato 
(-SO4
−, pKa ≈ 0.5-1.5) e carboxila (-CO2
−, pKa ≈ 2,5-4,5) (JONES; MCCLEMENTS, 
2010; WANG; LOGANATHAN; LINHARDT, 1991). O grupo amina ocorre na 
estrutura molecular da quitosana (-NH3
+, pKa ≈ 9.4), sendo este o único polissacarídeo 
de caráter catiônico (AHMED SHAKEEL; IKRAM SAIQA, 2017). Polissacarídeos 
como o amido e a celulose são polímeros neutros e não possuem grupos ionizáveis em 
sua estrutura molecular (BEMILLER, 2019).  
Os polissacarídeos aniônicos mais utilizados para complexação com a quitosana 





KULIG et al., 2016; KULIG; ZIMOCH-KORZYCKA; JARMOLUK, 2017; SÆTHER 
et al., 2008; TAPIA et al., 2004), a goma Arábica (ESPINOSA-ANDREWS et al., 
2007, 2010, 2013; TAN et al., 2016), a goma xantana (ARGIN-SOYSAL; KOFINAS; 
LO, 2009; CHU; SAKIYAMA; YANO, 1995), as pectinas (MACIEL; YOSHIDA; 
FRANCO, 2015; MARUDOVA; MACDOUGALL; RING, 2004; PANDEY, et al., 
2013) e as carragenas (BRIONES; SATO, 2010; VOLOD’KO et al., 2012, 2014, 2016). 
A diferença entre os grupos ionizáveis na separação de fases de sistemas constituídos a 
partir destes polímeros influencia a afinidade de ligação dos mesmos, sendo esperado 
que polímeros sulfatados, como as carragenas, se associem mais fortemente à quitosana, 
que polímeros carboxilados, como os alginatos e a pectina, por exemplo. Esse 
comportamento está associado à maior eletronegatividade do grupo sulfato, em relação 
ao grupo carboxila, que faz com que polímeros sulfatados apresentem uma carga líquida 
maior que a dos polímeros carboxilados, com o mesmo grau de ionização.  
Polímeros como a κ-carragena e a ι-carragena se diferenciam pelo número de 
grupos sulfato, sendo que a ι-carragena apresenta um grupo sulfato a mais, a cada 
unidade de repetição, o que lhe resulta em uma densidade de carga maior, em relação à 
κ-carragena (IMESON, 2009; PICULELL, 2006). Burova et al. (2007) e Galazka et al. 
(1999) relatam que tal diferença reflete na complexação desses polissacarídeos com 
polímeros opostamente carregados, sendo as interações da ι-carragena com um polímero 
de carga oposta, mais forte que as interações deste com a κ-carragena. De forma similar, 
o grau de desacetilação da quitosana influencia a sua interação com polímeros de carga 
oposta, pois a densidade de carga, e consequentemente o número de sítios de ligação 
disponíveis para interação eletrostática varia em função da quantidade de unidades 
desacetiladas que a quitosana apresenta (KIANG et al., 2004). 
O pH é um fator extrínseco que influencia diretamente a ionização dos grupos 
ionizáveis dos polímeros (SCHMITT; ABERKANE; SANCHEZ, 2009), de forma que a 
densidade de carga de um polissacarídeo varia conforme o pH da solução em relação 
aos valores de pKa dos grupos ionizáveis presentes. Assim, uma variação no pH pode 
tanto aumetar ou diminuir a força de interação entre os polímeros, quanto ocasionar uma 
mudança na solubilidade, e consequentemente, na separação de fases de misturas 
poliméricas (HURST; FORTENBERRY, 2015; JONES; MCCLEMENTS, 2010).  
Polímeros eletricamente carrregados são classificados como polieletrólitos fortes 
ou fracos; os polieletrólitos fortes se dissociam completamente em meio aquoso, 





de carga é pouco afetada por variações de pH, enquanto que para os polieletrólitos 
fracos, a conformação da cadeia e a solubilidade do polímero em solução são fortemente 
dependentes das variações de pH do meio (BLOCHER; PERRY, 2017). Polissacarídeos 
como a quitosana são considerados polieletrólitos fracos, e apresentam uma elevada 
densidade de carga em pH 3,0, enquanto que em pH 6,5 (próximo ao pKa do polímero), 
este polímero é fracamente carregado e sua solubilidade é fortemente reduzida em meio 
aquoso. Por outro lado, as carragenas se comportam como polieletrólitos fortes nesta 
faixa de pH, apresentado uma densidade de carga praticamente constante. Assim, a 
associação destes polímeros em pHs próximos ao pKa da quitosana tende a ser mais 
fraca que em pHs mais baixos, onde uma separação de fases associativa destes dois 
polímeros é esperada.   
O aumento da força iônica, pela adição de sais, também pode reduzir a 
densidade de carga e a espessura da dupla camada elétrica em torno do polissacarídeo, o 
que efetivamente reduz as forças de atração dos polímeros em solução 
(WARNAKULASURIYA; NICKERSON, 2018). Consequentemente, as interações 
associativas diminuem tanto em magnitude quanto na faixa de pH em que ocorrem (DE 
KRUIF; WEINBRECK; DE VRIES, 2004), podendo inclusive haver supressão da 
complexação dos polímeros em altas concentrações de sal (PATHAK et al., 2017). A 
supressão das interações eletrostáticas por espécies iônicas pode ser modelada pelo 
comprimento de triagem de Debye (κ−1 ≈ 0,304 / √𝐼 nm; I: força iônica), que está 
relacionado ao potencial repulsivo de polieletrólitos em solução (JONES; 
MCCLEMENTS, 2010). Há relatos na literatura de complexos onde o aumento da força 
iônica até concentrações não muito altas favoreceu a complexação dos polieletrólitos, 
no entanto, com um aumento adicional na concentração de sal no meio, houve uma 
diminuição nessa tendência, devido à redução do comprimento de triagem das cargas de 
Debye (PATHAK et al., 2017; WANG et al., 2007; WEINBRECK et al., 2003). 
A proporção de polímero também influencia a separação de fases, especialmente 
a associativa, pois está relacionada ao fato de que para um determinado valor de pH, 
uma proporção de polímero específica precisa ser atingida para que a neutralidade de 
carga dos complexos possa ser alcançada. Neste ponto, geralmente se observa um maior 
rendimento na formação de complexo coacervado, pois na teoria, todos os sítios de 
ligação do polímero aniônico interagiram com os sítios de ligação do polímero 





2.3.3. Ligações de hidrogênio e interações hidrofóbicas 
A temperatura é um fator extrínseco que pode influenciar significativamente as 
interações moleculares, especialmente as interações hidrofóbicas e as ligações de 
hidrogênio. Um dos primeiros trabalhos que avaliaram o efeito da temperatura na 
separação de fases foi publicado por Bungenberg de Jong e colaboradores, em 1941 
(BUNGENBERG DE JONG; HOSKAM; BRANDHOF-SCHAEGEN, 1941). Nele os 
autores mostraram que nenhuma mudança na proporção ótima de polímero para a 
coacervação do sistema foi observada a temperaturas mais altas; no entanto, um ligeiro 
decréscimo na porcentagem de água na fase coacervada foi verificado. Isso aconteceu, 
pois de forma geral, interações eletrostáticas tendem a ser pouco dependentes da 
temperatura (BLOCHER; PERRY, 2017; PATHAK et al., 2017), sendo o possível 
motivo pelo qual a proporção ótima de polímero se manteve constante 
(BUNGENBERG DE JONG; HOSKAM; BRANDHOF-SCHAEGEN, 1941). Por outro 
lado, o decréscimo na porcentagem de água na fase coacervada deve estar associado ao 
favorecimento de interações hidrofóbicas.  
As interações hidrofóbicas resultam de uma exclusão termodinamicamente 
favorável de espécies não polares da fase aquosa (JONES; MCCLEMENTS, 2010). 
Estas interações são favorecidas no aquecimento, pois com o aumento da temperatura os 
grupos hidrofóbicos presentes nas macromoléculas são expostos (GOH; SARKAR, 
2008). Éteres de celulose, como a HPMC e a MC, são exemplos de polissacarídeos que 
tiveram sua estrutura química modificada pela adição de grupos hidrofóbicos na cadeia 
polimérica e, por isso, podem se auto-associar e formar géis termorreversíveis durante 
aquecimento (CUNHA; GANDINI, 2010; JOSHI; LAM, 2006; RYAN et al., 2012; 
WILLIAMS, PETER A., 2007). Demais polissacarídeos (salvo exceções como a goma 
Arábica, algumas pectinas e galactomananas), não apresentam grupos hidrofóbicos em 
sua estrutura molecular, por isso, este tipo de interação é menos frequente em misturas 
polissacarídicas que em sistemas a base de proteínas, que geralmente apresentam grupos 
hidrofóbicos na cadeia polimérica (CUNHA; GANDINI, 2010; DICKINSON, 2003, 
2009, 2018) 
Por outro lado, os polissacarídeos oferecem uma rica fonte de ligações de 
hidrogênio devido à presença de grupos hidroxila, carboxila e amina secundária em suas 
estruturas (BUCIOR; BURGER, 2004). As ligações de hidrogênio são favorecidas pela 





estabilização de estruturas intra-moleculares, quanto na formação de zonas de junção 
entre os polissacarídeos (MCCLEMENTS, 2005). O ágar, a κ-carragena e a ι-carragena 
são alguns exemplos de polímeros que se auto-associam e gelificam quando são 
resfriados abaixo da temperatura de transição térmica devido principalmente à formação 
de ligações de hidrogênio  (BLAKEMORE; HARPELL, 2010; IMESON, 2010). 
2.4. GELIFICAÇÃO DE MISTURAS DE POLISSACARÍDEOS EM SOLUÇÃO 
Uma dificuldade que surge quando se avalia a separação de fases de misturas de 
polissacarídeos em solução é que são sistemas ternários, compostos principalmente por 
água, e a gelificação de um ou ambos os polissacarídeos presentes na mistura pode 
ocorrer durante a separação de fases polimérica (DOUBLIER et al., 2000; FRITH, 
2010; ZASYPKIN; BRAUDO; TOLSTOGUZOV, 1997). Além disso, alguns 
polissacarídeos que não gelificam sozinhos podem gelificar ao compor uma mistura 
polimérica (MORRIS, 1990; LANEUVILLE et al., 2006). 
A gelificação do sistema também pode acontecer em misturas à base de 
proteínas e de proteínas e polissacarídeos (LANEUVILLE et al., 2006), e de forma 
geral, tem sido observado que misturas poliméricas tendem a gelificar em concentrações 
inferiores à concentração mínima de gelificação dos polímeros individuais (RENARD; 
VAN DE VELDE; VISSCHERS, 2006; TOLSTOGUZOV, 1999). Como os 
polissacarídeos gelificam em concentrações mais baixas que a maioria das proteínas 
(LE; RIOUX; TURGEON, 2017), a região do diagrama de fases de misturas de 
polissacarídeos é relativamente limitada quando a gelificação acontece, o que dificulta a 
construção de diagramas de fases e a avaliação do comportamento cinético da separação 
de fases dos sistemas (DOUBLIER et al., 2000; FRITH, 2010). 
Tanto a separação de fases associativa, quanto a segregativa, são suscetíveis à 
gelificação (LANEUVILLE et al., 2006; LORET et al., 2005; WANG; ZIEGLER, 
2009). Tem sido evidenciado por alguns autores que durante a formação do gel, a 
gelificação e a separação de fases podem evoluir simultaneamente, em diferentes 
escalas de tempo, e competindo entre si (LORÉN; HERMANSSON, 2000; TURGEON 
et al., 2003). Isso ressalta que estruturas dinâmicas e gelificadas podem co-existir no 
sistema até que um dos fenômenos prevaleça, geralmente a gelificação, pois esta tende a 
suprimir a evolução da separação de fases (HOOG; TROMP, 2003; TROMP; TEN 





As redes de géis que podem ser formadas a partir da mistura de polímeros são 
classificadas em redes de géis inchados, interpenetrantes, separados por fases ou 
acoplados (BROWNSEY; MORRIS, 1988; MORRIS, 1986). Uma representação desses 





Figura 2.2 Representação das redes de géis inchados (a), interpenetrantes (b), separados 
por fase (c), e acoplados (d) (Adaptado de SIKORA e KOWALSKI (2007)). 
Os géis inchados são formados quando o polímero não gelificante reside no 
interior da rede formada pelo outro polímero (Figura 2.2a) (MORRIS, 2006). Este tipo 
de estrutura ocorre se a taxa de separação dos dois polissacarídeos é baixa em 
comparação com a taxa de gelificação, tal que o polímero não gelificante fique preso e 
distribuído uniformemente na rede de gel do outro polímero (MORRIS, 2007). As redes 
interpenetrantes são formadas quando os dois polímeros gelificam separadamente e 
formam redes independentes que se interpenetram ao longo da extensão do gel (Figura 
2.2b) (BROWNSEY; MORRIS, 1988; MORRIS, 2006, 2007). As redes separadas por 





restritos a fases discretas e separadas espacialmente (Figura 2.2c) (MORRIS, 1986, 
2006). Redes de géis acoplados são formadas quando dois polímeros se associam 
através de zonas de junção (Figura 2.2d) (BROWNSEY; MORRIS, 1988). Segundo 
Morris (2007), géis formados sob condições onde os polímeros individuais não 
gelificam sozinhos, mas gelificam quando misturados são exemplos de géis acoplados. 
Os desafios associados à delimitação das fases e a caracterização do sistema 
quando a separação de fases e a gelificação competem entre si não são apenas 
conceituais, mas práticos. Na construção de diagramas de fases, por exemplo, uma 
variedade de técnicas pode ser utilizada para construção desses diagramas. Kalichevsky 
e colaboradores traçaram um diagrama de fases para misturas aquosas de amilose e 
amilopectina (KALICHEVSKY; RING, 1987), e amilose e dextrana (KALICHEVSK; 
ORFORD; RING, 1986), utilizando um ensaio colorimétrico padrão para determinar a 
concentração da amilose em ambas as fases. A determinação do volume das fases 
também pode ser utilizada para estabelecer, de forma indireta, a fração correspondente a 
cada polímero nas fases que compõem o sistema (POLYAKOV; GRINBERG; 
TOLSTOGUZOV, 1980). Combinações de medidas do índice de refração com leituras 
espectrofotométricas na região do ultravioleta visível (DING et al., 2002), bem como 
quantificações cromatográficas também já foram utilizadas na obtenção de dados para a 
construção de diagramas de fases (MEDIN; JANSON, 1993). A questão que dificulta a 
escolha de um método para avaliação de um sistema onde ocorre a gelificação é que a 
separação de fases macroscópica, em camadas visualmente distintas, pode não ocorrer 
(DOUBLIER et al., 2000). A heterogeneidade de um sistema gelificado pode estar em 
uma escala de microns, o que torna necessário o uso de um método que permita a 
avaliação do sistema in situ, e em escala micrométrica (PUDNEY et al., 2004, 2003).  
Alguns grupos de pesquisa trabalham no desenvolvimento de métodos que no 
futuro poderão fornecer base para avaliar in situ, tanto a cinética de separação de fases 
quanto de gelificação dos polímeros (PUDNEY et al., 2004, 2003). Transições 
estruturais de alguns sistemas específicos também já estão sendo determinadas com 
precisão crescente usando abordagens multi-analíticas (BUTLER, 2002; HARMON et 
al., 2017; LORÉN; HERMANSSON, 2000). O avanço nessa área de pesquisa pode 
permitir um melhor uso de misturas a base de polissacarídeos na formulação de novos 





3. INTERAÇÕES POLISSACARÍDEO-LIPÍDEO 
3.1. POLISSACARÍDEOS E MATRIZES LIPÍDICAS 
As interações entre polissacarídeos e lipídeos ainda não estão bem descritas na 
literatura. Mas devido o caráter hidrofílico da maioria dos polissacarídeos, estes 
polímeros geralmente não apresentam atividade superfícial, ou seja, não têm o potencial 
de adsorver em uma interface óleo-água e diminuir a tensão interfacial (OSANO et al., 
2014). Geralmente, os únicos polissacarídeos que apresentam atividade superficial, e 
por isso são utilizados como agentes emulsificantes, são a goma Arábica, celuloses e 
amidos modificados, e algumas pectinas e galactomananas (DICKINSON, 2003, 2009, 
2018). Estes polímeros apresentam naturalmente componentes proteicos ligados 
covalentemente ou fisicamente a sua cadeia polimérica, ou foram modificados 
hidrofobicamente para apresentar uma atividade superficial na interface óleo-água 
(DICKINSON, 2003, 2009, 2018).  
A quitosana geralmente não é mencionada no grupo de polissacarídeos com boas 
propriedades de emulsificação, mas alguns estudos têm demostrado que este polímero 
pode agir como emulsificante e produzir emulsões de estabilidade aceitável (LI; XIA, 
2011; LIU et al., 2012; PAYET; TERENTJEV, 2008; RODRÍGUEZ; ALBERTENGO; 
AGULLÓ, 2002). Além disso, este polímero também tem sido utilizado para 
funcionalizar a superfície de micro e nanopartículas sólidas lípicas (VAN TRAN et al., 
2019). Porém, o mecanismo pelo qual a quitosana interage com as matrizes lipídicas é 
controverso, e por isso, é importante considerar caso a caso, a aplicação deste polímero 
em diferentes formulações lipídicas (DE BRITO; CASELI; NORDI, 2011; NILSEN-
NYGAARD et al., 2015; PAYET; TERENTJEV, 2008) 
A quitosana é um polissacárido linear formado por unidades de N-
acetilglucosamina (GlcNAc) e D-glucosamina (GlcN) ligadas por ligações β(1→4) 
(JAYAKUMAR; PRABAHARAN; MUZZARELLI, 2011). Enquanto as unidades de 
GlcN são fortemente hidrofílicas, as unidades acetiladas do polímero são responsáveis 
pelas propriedades hidrofóbicas do polissacarídeo, dando origem a atividade superficial 
do mesmo (NILSEN-NYGAARD et al., 2015). Dessa forma, em uma emulsão do tipo 
óleo em água, os grupos acetil da quitosana poderiam se associar à fase oleosa, 
enquanto a fração desacetilada do polímero se estenderia para a fase aquosa da emulsão 
estabilizando o sistema (DE BRITO; CASELI; NORDI, 2011; NILSEN-NYGAARD et 





por isso questionam se a estabilização de emulsões óleo em água não seria devido a 
efeitos estéricos da adição do polímero à fase contínua (PAYET; TERENTJEV, 2008). 
Em relação à aplicação da quitosana no revestimento de micro e nanopartículas 
lipídicas, os autores destacam que as partículas recobertas geralmente apresentam 
propriedades mucoadesivas e estabilidade aumentada devido à funcionalização com o 
polímero catiônico (VAN TRAN et al., 2019). Nestes estudos, a associação de lipídeos 
com a quitosana é geralmente atribuída às interações eletrostáticas entre os grupos amina 
protonados do polímero e a região polar (hidrofílica) de ácidos graxos e/ou fosfolipídeos 
(YOSTAWONKUL et al., 2017) Interações hidrofóbicas entre as caudas lipídicas 
(hidrofóbicas) e os grupos acetil da quitosana também podem ocorrer (HASAN et al., 2016). 
De forma geral, as duas principais partículas sólidas lipídicas são as SLNs (Solid 
Lipid Nanoparticles) e os NLCs (Nanostructured Lipid Carriers), que são sistemas 
coloidais compostos por lipídios fisiológicos biodegradáveis com status regulatório GRAS 
(Generally Recognized as Safe) (MÜLLER; RADTKE; WISSING, 2002; MEHNERT; 
MÄDER, 2001; WISSING; KAYSER; MÜLLER, 2004). Os SLNs consistem em uma 
dispersão aquosa de lipídios sólidos (0,1-30% m/m) estabilizada com a adição de 0,5-
5% (m/m) de surfactante, enquanto os NLCs são compostos de uma mistura de lipídios 
sólidos e lipídios líquidos à temperatura ambiente (PARDEIKE; HOMMOSS; 
MÜLLER, 2009). 
Diferentes técnicas para a produção de SLNs e NLCs são descritas na literatura, 
incluindo a homogeneização de alto cisalhamento, a ultrasonicação, a homogeneização 
de alta pressão a quente ou a frio; a emulsificação/evaporação de solvente, a 
microemulsão e a emulsificação a quente (GONZALEZ-MIRA et al., 2010; 
KRASODOMSKA et al., 2016; RANPISE; KORABU; GHODAKE, 2014; SILVA et 
al., 2011). O recobrimento dessas partículas geralmente é feito por deposição 
eletrostática do polímero na partícula lipídica (SHEN et al., 2015; WANG, et al., 2017). 
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ABSTRACT 
The effects of pH, ionic strength and polymer ratio in the complexation of chitosan (CHI) 
with different anionic polysaccharides, namely gum Arabic (GA), sodium alginate (ALG) 
and κ-carrageenan (CRG), were investigated. This was made using titration techniques, 
which allowed the determination of stoichiometry and binding constant of complexes. The 
sulfated polysaccharide interacted more strongly with CHI than carboxylated 
polysaccharides. The increase of ionic strength (0-100mM NaCl) in the polysaccharides 
complexation resulted in a significant reduction in the binding constant of GA:CHI and 
CRG:CHI, but did not influence the complexation of ALG with CHI. The pH and polymer 
ratio affected the formation and solubility of complexes GA:CHI, while for ALG:CHI and 
CRG:CHI, insoluble complexes were observed in all pH and polymer ratio evaluated. A 
phase transition of coacervate to gel was proposed to ALG:CHI and CRG:CHI, which can 
be related to the self-association of anionic polymers, when these are in excess. 
Keywords: Liquid-liquid phase separation; complex coacervation; polysaccharides; 
isothermal titration calorimetry. 
1. INTRODUCTION 
Chitosan (CHI), a linear cationic copolymer of β(1–4) linked N-acetyl glucosamine and 
D-glucosamine, is the deacetylated form of chitin, the second most abundant polysaccharide in 
nature (P.M., 2014; WANG et al., 2018). The free amino group in the D-glucosamine unit of 
CHI is an important characteristic that is reflected in physical (e.g. solubility), chemical (e.g. 
reactivity with other functional groups due to their cationic charge at lower pH values), and 
biological (e.g. antimicrobial and antioxidant activity) properties of this polymer, and makes 
it unique among polysaccharides (LUO; WANG, 2014; ROCHA et al., 2017; VERLEE et 
al., 2017).  
The CHI was approved as GRAS (Generally Recognized as Safe) by the Food and 





2012), and have been evaluated for clarification of beverages and encapsulation of active 
compounds due to cationic behavior (ALISHAHI et al., 2011; CESAR et al., 2012; 
DOMINGUES et al., 2012; TASTAN; BAYSAL, 2015). The CHI has also been used as a 
natural preservative in beverages and in the formulation of active packaging due to their 
antimicrobial and antioxidant properties (FERREIRA et al., 2014; HIGUERAS et al., 2015). 
Nevertheless, its potential to strongly interact with components present in the food matrices 
has limited its use in the food and beverage industries (ROCHA, et al., 2017). 
The complexation of CHI with anionic polysaccharides may have a synergic 
effect, improving the properties of isolated polymer and enabling the use of CHI in 
numerous applications in the food industry, including delivery of active compounds 
(CHAPEAU et al., 2017; MAGALHÃES JR. et al., 2016; XIONG, WEI et al., 2016), 
packaging materials (LINDHOUD et al., 2009), formation of fully reversible gels 
(LEMMERS et al., 2010), fat replacer (LANEUVILLE et al., 2005) and edible films 
(EGHBAL et al., 2016). Such applications are most often made with protein-based 
complexes or protein blends with anionic polysaccharides. But, given the biological 
functionalities of CHI, their complexes with anionic polysaccharides may be interesting to 
application in the food industry as antimicrobial or antioxidant agent (BHARMORIA et al., 
2013; LUO; WANG, 2014; ROCHA et al., 2017). 
The investigation of molecular interactions in complexes formed by polysaccharides 
is challenging because compared with the protein unit (amino acid), the structure of 
monosaccharide shows the existence of isomers; variable ways of inter-connection and the 
regularity of the monosaccharides is still little known (MCCLEMENTS et al., 2009; 
MCCLEMENTS, 2016, 2017). That intrinsic factor, as well the extrinsic factors (pH, ionic 
strength, temperature) influences the complexation of oppositely charged polyelectrolytes 
because they are associated with the intricate balance of molecular interactions that 
invariably leads to the spontaneous formation of soluble complexes, or to phase separation, 
either liquid-liquid (complex coacervation) or liquid-solid (precipitation) (CHOLLAKUP et al., 
2013; COMERT et al., 2016; DE KRUIF et al., 2004; KIZILAY et al.,, 2011; TURGEON et al., 
2009; WEINBRECK, et al., 2003). 
The liquid-liquid phase separation, also known as complex coacervation, is the 
mechanism associated with phase separation in complexes of CHI and gum Arabic (GA) 
(ESPINOSA-ANDREWS et al., 2007, 2010, 2013; ROLDAN-CRUZ et al., 2016). 
Complexes of CHI with sodium alginate (ALG) (BECHERÁN-MARÓN et al., 2004; 





2012, 2016) are usually mentioned in the literature only as polyelectrolyte complexes 
(which may be soluble or insoluble complexes). The difficulty in discerning the kind of 
phase separation, determining the charge stoichiometry of the system or establishing the 
molecular interactions that occurs in the phase separation is related to limitations of the 
techniques used (PRIFTIS et al., 2013), difficulty in distinguishing between sequential or 
simultaneous phenomena (COMERT et al., 2016), and in clearly observing the difference 
among coacervate, precipitate and other states of soft matter (TURGEON et al., 2009). 
This work does not seek to solve all these challenges, but aims to use complementary 
techniques (differential light scattering, isothermal titration calorimetry, and turbidimetric 
titration) to elucidate in more detail some aspects of polysaccharide complexation. In special, the 
complexation of CHI with three anionic polysaccharides, two of them displaying carboxyl 
groups (ALG and GA) and the other displaying sulfate groups (CRG). All these anionic 
polymers have application in the formation of many products of the food industry, 
determining in great extent the texture, mechanical stability, consistency and, ultimately, 
appearance and taste of foods. The formation of complexes with such polymers may be 
broadly industrial acceptance as an alternative for the incorporation of functional ingredients 
into microcapsules, food co-extrusion processes, and others. 
2. MATERIAL AND METHODS 
2.1. Material 
Chitosan (Deacetylation degree = 85%, CAS 9012-76-4, Sigma-Aldrich), κ-
carrageenan (CAS 9000-07-1, SatiagelTM OF 10, Cargill), sodium alginate (M:G ratio = 0.6, 
CAS 9005-38-3, Grindsted Alginate FD 175, DuPont) and gum Arabic (CAS 9000-01-5, 
Instantgum, Colloides Naturels) were used as received without further purifications. Sodium 
chloride (CAS 7647-14-5, Synth), acetic acid (CAS J 64-19-7, J.T. Baker), sodium 
hydroxide (CAS 1310-73-2, Synth), sodium nitrate (CAS 7631-99-4, Sigma-Aldrich) and 
other chemicals were of analytical grade. Ultrapure water with a resistivity of 18.2 mΩ was 
obtained from Milli-Q purification device (Millipore Corp., Massachusetts, USA) and used 
as a solvent to all complexation experiments. The molecular weight and polydispersity of 
polymers (Table 3.1) were obtained through size exclusion chromatography combined with 
multi-angle laser light scattering (SEC-MALLS). The system consisted of a pump (Model 
515, Waters Corp., Milford, USA), an injector (Model 7725i, Rheodyne, Missouri, USA) 
and a Viscotek TDA-302 triple detector [refractive index, laser light scattering (λ = 670 nm, 





Linear (7.8 x 300 mm) (Waters Corp., Milford, USA) and the molecular weights of 
polymers were calculated from the chromatographs with respect to poly(ethylene oxide) 
standards. The analysis was performed at 25 °C; acetate buffer (pH = 4.5) and NaNO3 (0.1 
M) were the eluting solvents used to analysis of CHI and anionic polymers, respectively. 
The flow rate was kept at 0.8 mL/min, and the measurements were made in triplicate with a 
coefficient of variation less than 10%. 
Table 3.1 Molecular weights (Weight-average, Mw; Number-average, Mn; Z-average, Mz) 
and polydispersity index (Mw/Mn) of polysaccharides chitosan (CHI), κ-carrageenan 
(CRG), sodium alginate (ALG), and gum Arabic (GA). 
Polymer Mw (g/mol) Mn (g/mol) Mz (g/mol) Mw/Mn 
Chitosan (CHI) 1.51x105 1.05x105 1.98x105 1.44 
κ-carrageenan (CRG) 1.67x105 1.31x105 2.04x105 1.28 
Sodium alginate (ALG) 7.83x104 6.63 x104 9.61x104 1.18 
Gum Arabic (GA) 4.28x105 2.38x105 6.10x105 1.80 
2.2. Polysaccharide solutions 
The total polymer concentration in the complexes was defined below the gelation 
concentration of the polysaccharides. As an earlier study showed that mixtures of CHI and 
CRG obtained from a CRG concentration >  4 mg/mL were gels (SHUMILINA; 
SHCHIPUNOV, 2002), we fixed the total polymer concentration in 2 mg/mL. The 
polysaccharides were dispersed in deionized water (25 ± 1 ºC), with exception of CHI, which 
was dispersed in acetic acid solution (1% v/v).  The CRG dispersion was heated up to 80 ± 1 
°C and stirred at 100 rpm for 30 min for polymer solubilization. After preparation, the 
solutions were stirred for 12 h at 100 rpm and 25  ± 1 °C. Before use, the solutions were 
filtered through filter paper with a pore size of 14 µm (Qualy®, J.Prolab). 
2.3. Ionization degrees of polysaccharide solutions 
The potentiometric titrations of polymers were performed using a titrator Mettler 
Toledo (Model T50, Switzerland) with a pH resolution of ±0.02 unit. The pH of the solutions 
was adjusted using HCl (0.1–1.0 M) and NaOH (0.1–2.0 M) and the change in pH was noted 
after every increment. This procedure was made in triplicate. The pH versus volume (of HCl 
or NaOH) composed the titration curves of polymers. Degrees of ionization values (α and β 
for anionic polymers and CHI, respectively) were calculated from the modified Henderson–
Hasselbalch equations (Equation 1 and 2) (KAYITMAZER et al., 2015). 
𝑝𝑘𝑎 = 𝑝𝐻 + 𝑙𝑜𝑔
(1 − 𝛼)
𝛼






𝑝𝑘𝑎 = 𝑝𝐻 + 𝑙𝑜𝑔
(1 − 𝛽)
𝛽
                                                                                                          𝐸𝑞.  (2) 
2.4. Zeta-potential (ζ-potential)  
The ζ-potential of samples was determined using Zetasizer Nano-ZS (Malvern 
Instruments, Worcestershire, UK) equipment, the operating principle of which is Laser 
Doppler Electrophoresis. The measurements were performed at 25 ± 1 ºC in a disposable 
capillary cell (DTS1070). The electrophoretic mobility of the samples was converted into ζ-
potential by the Malvern software using the Henry’s equation (Equation 3) with Smoluchowski 
approximation (F(ka) = 1.5). The viscosity, dielectric constant and the refractive index of the 






                                                                                                                              𝐸𝑞. (3) 
Where: U/E is the electrophoretic mobility (m2  V-1 s-1 x 10-8), ζ is the zeta-potential (mV), ε is 
the dielectric constant (dimensionless), η is the viscosity (cP), and F(ka) is the Henry’s function. 
2.5. Polysaccharide complexation 
The complexation was made by slow addition of the anionic polymer (n-) to the 
cationic polymer (n+). The order of mixing was kept the same for all experiments and the 
total polymer concentration was fixed at 2 mg/mL. The complexation of polymers at 50 and 
100 mM of NaCl were carried out with polysaccharide solutions previously prepared at 
these molar concentrations of salt. After complexation, all samples were equilibrated for 24 
hours before analytical investigation. All complexes were made in duplicate.  
2.6. Microstructure of complexes 
The microstructures of the freshly formed complexes were analyzed using an optical 
microscope (Model AxioScope A1, Carl Zeiss, Germany) with a 100x oil-immersion 
objective. A confocal microscope Upright Zeiss LSM780-NLO (Carl Zeiss, Germany) was 
also used to observe the structure of the complexes. In this case, the polysaccharides were 
labeled with fluorescein isothiocyanate and then subjected to complexation. The laser of 
equipment was adjusted to green fluorescence mode that yielded an excitation wavelength 
of 488 nm, which generated green fluorescence images of samples. Before imaging, a drop 
of the complexes was placed on a slide then covered with a coverslip.  
2.7. Isothermal Titration Calorimetry (ITC) 
Isothermal titration calorimetry was performed in a MicroCal VP-ITC (MicroCal, 





syringe system. The sample cell was filled with the CHI solution. Injection syringe was 
loaded with the anionic polymer solution, at the same pH and ionic strength of the solution 
in the cell. Then, after a preliminary injection of 2 μL of anionic polymer, 28 successive 
injections of 10 μL of this polymer were made with an interval of 300 seconds between each 
injection. The agitation speed was set to 307 rpm. Before titration, all solutions were 
degassed in a vacuum degasser Thermovac (MicroCal Inc., MA, USA). Control experiments 
were carried out to determine the enthalpies associated with the heat of dilution of cationic 
and anionic polymers. The final titration curves were obtained by subtracting the control 
enthalpies from the enthalpies measured in the titration experiments. The thermogram data 
were integrated using NITPIC 1.2.7 (KELLER et al., 2012; SCHEUERMANN; 
BRAUTIGAM, 2016), and were analyzed in SEDPHAT 15.2 (ZHAO; PISZCZEK; 
SCHUCK, 2015). The plots of results were made in GUSSI 1.4.0 (BRAUTIGAM, 2015). 
The binding constant (Ka), the binding stoichiometry (N) and the enthalpy change (ΔH), were 
obtained from a one-binding-site model adjusted to experimental data. The entropy change 
(ΔS) and Gibbs-free-energy change (ΔG) were calculated from the fundamental equations of 
thermodynamics, ΔG = −RT ln Ka = ΔH – TΔS.  
2.8. Turbidimetric titration 
Turbidity was used to qualitatively measure the extent of complex formation as a 
function of the molar ratio of polysaccharides [R = (n-)/(n+)]. A spectrophotometer 
(SpectroQuest 2800 UV/-Vis, UNICO) was used to monitor the transmittance of complexes 
at 600 nm using glass cuvettes with 1 cm of optical path length. The turbidity was calculated 
as τ = – (1/L) ln(T), where L is the optical path length (1 cm) and T is the transmittance (0-
100%). The experiments were designed to follow the same dilution protocol as the ITC 
measurements. The time between each successive addition of anionic polymer in the cell 
containing the cationic polymer was equal to 300 seconds. The stirring of samples between 
each polymer injection was done manually and the experiment was performed at 25 ± 1 ºC. 
The turbidity of the non-complexed polymers was evaluated at pH of complexation, none of 
them showed absorption at 600 nm. 
2.9. Statistical analysis 
The data presented in this work represents the mean (± standard deviation, SD) of 
two independent experiments, each analyzed in triplicate. Statistical analysis was performed 
using Statistica 8.0 (Stat Soft Inc., USA). Significant differences among samples were 






3. RESULTS AND DISCUSSION 
3.1. Characterization of polymeric solutions 
Prior to complexation of polymers, the most appropriate pH range for complex 
coacervation was evaluated from the analysis of ζ-potential (Figure 3.1a) and of ionization 
degree (Figure 3.1b) of polymers. 
 
 
        (a)      (b) 
Figure 3.1 ζ-potential (a) and ionization degree (b) of chitosan (●), sodium alginate (), 
Gum Arabic (○) and κ-carrageenan (▼) as a function of pH. The data represent the means ± 
standard deviation (n=3) measured at 25°C. 
The data presented in Figure 3.1 are associated with the charge density, which is 
directly related to the protonation of ionizable groups of polysaccharides (GA, CHI. ALG 
and CRG). As expected, since the ionized groups of polysaccharides used are carboxylic (-
CO2
−, pKa about 2.5 to 4.5), sulfate (-SO4
−, pKa < about 0.5-1.5), and amino (-NH3
+, pKa 
about 9.4) groups (JONES; MCCLEMENTS, 2010; WANG; LOGANATHAN; 
LINHARDT, 1991), the pH range where the anionic polysaccharides and the CHI are 
protonated is broad, varying from pH 2.0 to pH 7.0, aproximatelly. 
At lower pHs, the CHI, which presents a large number of protonated amino groups (-
NH3
+) exhibits a positive ζ-potential. The decrease in the ζ-potential values of CHI was 
observed with the pH increasing, due to deprotonation (-NH2) of the amino groups of CHI. 
The ζ-potential of CHI was equal to zero around pH 7.3 (Figure 3.1a), which is in agreement 
with the literature (DE MORAIS et al., 2016; RINAUDO, 2006). From this pH, the ζ-
potential of the CHI remained constant around zero. 
pH


































































































The anionic polysaccharides solutions exhibited negative ζ-potential throughout the 
evaluated pH range. The ζ-potential of ALG decreased gradually from pH 2.0 to pH 6.0 and 
then, remained constant around -86 mV. The ζ-potential of CRG in the pH range of 3.0 - 9.0 
was characteristic of strong polyelectrolytes since, in a wide pH range, the ζ-potential values 
were practically constant (around -60 and -70 mV). Lastly, the ζ-potential of GA remained 
constant at –20 mV after reaching a pH of 4.5. The difference in the ζ-potential of ALG and 
CRG was attributed mainly to the different pKa values of the respective charged groups. For 
GA, which is a heteropolysaccharide, the low values of ζ-potential are related to the balance 
of charge between carboxylic and amino groups present in their saccharide and protein 
fraction, respectively. 
The ionization degrees of polymeric solutions, which indicate the fraction of 
ionizable groups that are available for complexation, were also determined. The titrations of 
polymers with NaOH or HCl were carried out in order to determine the value of α 
(protonated degree) and β (deprotonated degree). In Figure 3.1b, the intersections between α  
and β were observed in the pH range from 3.0 to 5.0, where more than 90% of the primary 
amino groups are protonated and more than 90% of carboxylic and sulfate groups are 
deprotonated. Considering that complexation of polyelectrolytes is driven mainly by 
electrostatic interactions, this range of pH was selected to continue this study.  
Still in Figure 3.1b, it is possible to observe that a higher fraction of ionizable groups 
of CRG is available to complex with CHI in comparison to other anionic polymers (ALG 
and GA). This result suggests a higher affinity of electrostatic interaction between CHI and 
CRG due to the high availability of ionizable groups of both. 
3.2. Characterization of the complexes 
3.2.1. Zeta-potential of complexes at different molar ratios 
In Figure 3.2, the ζ-potential values for the systems GA:CHI, ALG:CHI and CRG:CHI at 
different molar ratios are presented in a pH range of 3.0-5.0. The polymer concentration of 
complexes was fixed at 2 mg/mL. The molar ratio, R, was defined as the molar ratio between 











































































(a) (b) (c) 
Figure 3.2 ζ-potential of GA:CHI (a), ALG:CHI (b) and CRG:CHI (c) at different pHs as a 
function of molar ratio, expressed as the ratio between the molar concentration of anionic 
and cationic polymer. The data represent the means ± standard deviation (n=3), the 
measurements were made at 25 ºC and the (●) pH 3.00, (○) pH 3.25, (▼) pH 3.50, (Δ) pH 
3.75, (■) pH 4.00, (□) pH 4.25, () pH 4.50, (◊) pH 4.75 and (▲) pH 5.00 were evaluated. 
For GA:CHI, at pH 3.5 and 4.0 the neutrality of the ζ-potential of samples was found 
at R[-/+] = 2.45 and R[-/+] = 2.10, respectively (Figure 3.2a). At these pH-values, the neutrality 
of the system was expected to be reached at R[-/+] ≈ 1.60 and 1.00 (data estimated from the 
ζ-potential data presented in Figure 3.1a); i.e., a higher amount of GA would be necessary to 
saturate the CHI chain. For ALG:CHI (Figure 3.2b), deviations from stoichiometric charge 
ratio was also observed at pH 3.25; the polymer ratio where the neutrality of the complex 
was observed, R[-/+] = 2.40, was a little higher than the estimated value, R[-/+] ≈ 2.12. Similar 
deviations from stoichiometry were also reported by other authors in the case of 
complexation of ALG with CHI (BECHERÁN-MARÓN; PENICHE; ARGÜELLES-
MONAL, 2004; KULIG et al., 2016; SÆTHER et al., 2008). 
For CRG:CHI, the formation of a complex with a ζ-potential near to zero was not 
observed (Figure 3.2c). The mixture of these polysaccharides resulted in an abrupt transition 
from positive to negative ζ-potential at R[-/+] = 1.80-2.25  in all the pH values evaluated. For 
this system, the estimated R-values (R[-/+] = 0.90 – 1.91) in the pH range of 3.0 up to 5.0 
were also lower than the experimental ones.  
The discrepancies between R-values (estimated and experimental) to all complexes 





charged groups in the CHI molecule. It is in accordance with Cao, Gilbert, & He (2009) and 
Santoso et al. (2012), who reported effects of “steric hindrance” of CHI in complexes of this 
polymer with agarose and humic acid, respectively. 
3.2.2. Macro and microscopic images of complexes at a different molar ratio 
After ageing at room temperature for 24 h, macroscopic observations of the phase 
separation for each experimental condition evaluated was registered in Figure 3.3.  
 
Figure 3.3 Phase separation of GA:CHI (a), ALG:CHI (b) and CRG:CHI (c) at different pHs as 
a function of molar ratio, expressed as the ratio between the molar concentration of anionic and 
cationic polymer (R[-/+] = n-/n+). The pictures were made after 24 h of complexation of 
polymers and the indicators red (●), yellow (●) and white (○) are respective to positive, neutral 





For GA:CHI, the phase separation was observed only in polymer ratios (R[-/+]) and 
pHs where the system was closer to the charge neutrality of the complex. Specifically, the ζ-
potential equal to zero was observed in pH 3.5 and 4.0 at polymers ratios of R[-/+] = 2.45 and 
R[-/+] = 2.10, respectively. The amount of coacervate phase that was visualized in GA:CHI 
system was also lower than the observed for other complexes (ALG:CHI and CRG:CHI).  
The phase separation of ALG:CHI (R[-/+] = 1.50 - 2.85, pH 3.0 - 5.0) and CRG:CHI 
(R[-/+] = 0.90 - 2.70, pH 3.0 - 5.0) complexes were verified for all pH values and molar ratios 
evaluated in Figure 3.3. This probably occurs due to the large difference between charge 
density of anionic polymers (ALG and CRG) and the CHI in the pH range of 3.0 – 5.0. That 
difference in the charge denstity is associated with a high strength of the electrostatic 
interaction (SEI) between anionic and cationic polymers. The SEI values of complexes 
GA:CHI, ALG:CHI and CRG:CHI were estimated from the absolute value of the product of 
the measured ζ-potentials of each pair of a cationic and anionic polymer (ESPINOSA-
ANDREWS et al., 2013; WEINBRRECK; TROMP; DE KRUIF, 2004). The data used to 
predict the SEI-values were obtained from ζ-potentials data of Figure 3.1.  
The SEI-values were analyzed in the pH range of 3.0 - 5.0. The relationship between 
the SEI-values found to each polymeric pair of polysaccharide, CRG:CHI > ALG:CHI >> 
GA:CHI, highlighted that CRG:CHI and ALG:CHI presented values of SEI much higher 
than the values observed for GA:CHI. That result explains, in parts, the phase separation of 
complexes in Figure 3.3, since the charge density of polymers (and the SEI, indiretly) 
influences the critical point of phase separation of complexes. Polymers with a high charge 
density, such as CHI and CRG at pH 3.0-5.0, tend to separate phases even at lower polymer 
ratios, while the phase separation of weakly charged polymers is usually observed at higher 
polymers ratio. On the other hand, it is expected that the dissolution of the complexes 
formed by oppositely charged polymers will occurs by the charge repulsion in the presence 
of excess polymer. But, as will be discussed in Figure 3.4, that behavior was not observed to 






Figure 3.4 Optical and confocal micrograph of complex coacervate droplets of GA:CHI - pH 
3.5 (a), ALG:CHI - pH 3.25 (b) and CRG:CHI - pH 4.0 (c) at different molar ratios R[-/+]. (Scale 
bar of 10 μm). 
The Figure 3.4 explores the microstructure of complexes close to neutrality 
(GA:CHI, pH 3.5, R[-/+] = 2.45; ALG:CHI, pH 3.25, R[-/+] = 2.40; CRG:CHI, pH 4.00, R[-/+] 
= 1.80) and also with an excess of anionic polymer (GA:CHI, pH 3.5, R[-/+] = 2.80; 
ALG:CHI, pH 3.25, R[-/+] = 2.85; CRG:CHI, pH 4.00, R[-/+] = 2.70).  
The images highlighting the macroscopic behavior and the optical micrograph of 
spherical complexes confirm that in the pH and molar ratio conditions described, the 
polymers complexed formed a coacervated phase, characterized by spherical domains. 
Comparing the images of samples obtained at different polymer ratios, the GA:CHI (pH 3.5) 





spherical shape and a diameter ranging from 1 – 10 μm. However, in the case of complexes 
ALG:CHI (pH 3.25) and CRG:CHI (pH 4.00), an significant change in the microstructure of 
systems was observed with the increase of polymer ratio. At R[-/+] = 2.40 (ALG:CHI) and R[-
/+] = 1.80 (CRG:CHI), the complexes formed structures, which are characteristic of coacervate 
droplets. But, at R[-/+] = 2.85 (ALG:CHI) and R[-/+] = 2.70 (CRG:CHI), thin fibril were observed 
besides the spherical droplets. These fibrillary structures were also visible from optical 
microscopy in the same polymer ratio, but we chose to present the images obtained by 
confocal microscopy (with higher contrast) in order to improve their visualization. 
The fibrillary structures, which apparently coexist with the coacervated droplets in 
Figure 4b (ALG:CHI, pH 3.25, R[-/+] = 2.85) and 4c (CRG:CHI, pH 4.00, R[-/+] = 2.70) could 
be associated with the beginning of the transition from coacervate to a gel phase, which is 
pushed by the polymers (ALG and CRG) tendency to gelation at reduced electrostatic 
repulsion. Similar structures were also observed by other authors that evaluated complexes 
containing CRG and pectin (both gelling agents). Sow, Chong, Liao, & Yang (2018), who 
worked with complexes of fish gelatin (FG) and CRG, visualized the formation of a thin 
fibril of CRG and demonstrated, with AFM (atomic force microscopy) images, the existence 
of a critical mixing ratio from the excess of CRG could contribute to the formation of bi-
continuous gel in the system FG:CRG. Kaushik, Rawat, Aswal, Kohlbrecher, & Bohidar 
(2018) reported the relation of complex coacervation and bicontinuous gelation in the 
complexation of pectin with zein nanoparticles at room temperature. Both authors demarcated a 
mixing ratio where the complex presented lower charge repulsion as the initial condition of the 
observed structural transition.  
3.2.3. Titration experiments 
The titration experiments were proposed in this work to verify the kind of molecular 
interaction associated with formation of GA:CHI, ALG:CHI, CRG:CHI complexes, and also for 
investigate the microstructural transition of phases of coacervate to gel, which was proposed in 
the last section to complexes ALG:CHI and CRG:CHI. The pHs 3.5 (GA:CHI), 3.25 (ALG:CHI) 
and 4.00 (CRG:CHI) were fixed according to data presented in Section 3.2.1. The study was 
made at different ionic strength (0, 50 and 100 mM of NaCl) in order to determine the 








3.2.3.1. Isothermal titration calorimetry (ITC) 
Isothermal titration calorimetry (ITC) is a direct way to measure the energy released (or 
absorbed) during molecular interactions and is used for the qualitative and quantitative 
characterization of them. In Figure 3.5, the binding isotherm of complexes GA:CHI (pH 3.5),  
ALG:CHI (pH 3.25) and CRG:CHI (pH 4.0) obtained at 25 ºC and in three different ionic 
strength (100, 50 and 0 mM of NaCl) are presented. 
   
         (a)           (b)      (c) 
Figure 3.5 Binding isotherm of complexes GA:CHI (pH 3.5) (a), ALG:CHI (pH 3.25) (b) and 
CRG:CHI (pH 4.0) (c) obtained at 25 ºC and in three different ionic strength (100, 50 and 0 mM 
of NaCl), respectively. Symbols represent experimental points and the line represents the 
calculated isotherm from the fitting of data. 
The binding isotherms in Figure 3.5 resulted from integration of thermogram peaks 
obtained during the isothermal titration calorimetry of anionic polymers in the CHI (A 
representative thermogram and its respective isotherm are presented in the Supplementary 
Material). The titrations were characterized by strong successive exothermic peaks that 
decrease in intensity until the point where the enthalpy changes of the system became 
constant. The fitting of the sigmoidal curves was considered satisfactory, and the 
thermodynamic parameters obtained from fitting are presented in Table 3.2. These data 
enable a better comparison of the systems and an accurate evaluation of salt concentration in the 






Table 3.2 Thermodynamic parameters obtained from the mathematical adjustment of an one-site 
model for binding between anionic polymers and chitosan in the complexes GA:CHI (pH 3.5), 
ALG:CHI (pH 3.25) and CRG:CHI (pH 4.00) at 25 ºC and different ionic strengths (0, 50 and 100 




N Ka (M-1) ΔG (kcal/mol) ΔH (kcal/mol) TΔS (kcal/mol) 
GA:CHI 0 2.81 ± 0.11a 7.09 ± 0.79 (x107) a -10.70 ± 0.48ª -130.31 ± 16.11a -119.61 ± 16.59a 
GA:CHI 50 2.97 ± 0.34a 3.73 ± 0.46 (x107) a -10.32 ± 0.27ª -30.58 ± 2.73b -20.27 ± 3.00b 
GA:CHI 100 3.27 ± 0.24a 2.62 ± 0.92 (x107) a -10.11 ± 0.73ª -17.05 ± 1.68b -6.94 ± 2.41b 
ALG:CHI 0 2.42 ± 0.39ª 4.28 ± 0.26 (x108) a -11.76 ± 0.15ª -459.35 ± 49.30ª -447.58 ± 49.44ª 
ALG:CHI 50 2.38 ± 0.01ª 2.38 ± 0.68 (x108) a -11.41 ± 0.42ª -405.92 ± 24.78ª -394.50 ± 25.19ª 
ALG:CHI 100 2.41 ± 0.06ª 1.69 ± 0.25 (x108) a -11.21 ± 0.15ª -360.46 ± 21.06ª -349.24 ± 21.21ª 
CRG:CHI 0 1.97 ± 0.48ª 4.89 ± 1.37 (x1017) a -24.11 ± 2.88ª -501.15 ± 91.64ª -477.04 ± 94.50ª 
CRG:CHI 50 2.10 ± 0.20ª 5.33 ± 0.85 (x1016) a -22.79 ± 1.91ª -416.55 ± 50.84ab -393.75 ± 52.74ab 
CRG:CHI 100 2.18 ± 0.34ª 2.84 ± 0.12 (x1010) b -14.24 ± 0.74b -210.94 ± 36.85b -196.69 ± 37.59b 
Different superscripted lowercase letters indicate significant differences at p ≤ 0.05 for each pair of polymers. 
In Table 3.2, the N-value corresponds to the binding stoichiometry of complexes and 
is expressed as the molar ratio between anionic and cationic polysaccharides (n-/n+). For 
GA:CHI, ALG:CHI and CRG:CHI, the N-values have not changed significantly (p ≤ 0.05) 
with the increase of salt concentration (0, 50 and 100 mM of NaCl). In addition, the N-
values at 0 mM of NaCl were in good agreement with the experimental molar ratios (R[+/-]), 
where the electroneutrality of complexes (at 0 mM of NaCl) was observed (Section 3.2.1). 
Only in the case of the GA:CHI, a little bit higher value of N was observed in relation to the 
previous value declared by analysis of ζ-potential. 
The binding constant (Ka) expresses the affinity between the polymers and is 
obtained by the inclination of the sigmoidal curves presented in Figure 3.5. The decrease of 
Ka in Table 3.2 followed the order: CRG:CHI >> ALG:CHI > GA:CHI, which is in 
agreement with results presented in Section 3.2.1. 
The magnitude of Ka values in complexes of GA:CHI and ALG:CHI was 107 and 
108, respectively, while the Ka value of CRG:CHI was in the order of 1017, indicating that 
sulfated polysaccharides interact more strongly with CHI than carboxylate polysaccharides. 
This results can be associated with data of Section 3.2.1, where changes in the CRG:CHI ζ-
potential were characterized by an abrupt transition from positive to negative at R[-/+] = 1.80-
2.25, while gradual changes in the ζ-potential were observed for the other complexes. 
The binding affinity between CRG and CHI was reduced with the addition of NaCl, 
but the magnitude of Ka was still higher than that observed for the other complexes. For 
GA:CHI and ALG:CHI, the differences of Ka values between the three ionic strengths evaluated 
(0, 50 and 100 mM of NaCl) remained in the same order of magnitude and no significant 





Still in Table 3.2, the interaction of anionic polymers with the CHI showed a 
favorable enthalpy change (ΔH < 0) that is offset partially by an unfavorable entropy (ΔS < 
0), resulting in a total negative free‐energy change (∆G). The negative value for free energy 
indicates that binding of CHI with anionic polymers occurred spontaneously, which is 
characteristic of an associative phase separation (SCHMITT et al., 1998). 
Comparing the values of ∆G of complexes GA:CHI, ALG:CHI and CRG:CHI, the 
difference observed among them, could be attributed to the fact that the loss in 
polysaccharide conformational freedom after the association is more considerable for CRG 
molecules than ALG or GA molecules, justifying the higher values of ∆G of CRG:CHI. 
The complexation of polymers at different ionic strength (0, 50 and 100 mM of 
NaCl) was accompanied by large changes in the enthalpic and entropic contributions, and by 
no significant (p ≤ 0.05) changes in the free-energy (ΔG) of the evaluated system. The 
relationship between the binding enthalpies ΔH and entropies TΔS was then drawn in a plot 
to each complex, taking into account the three ionic strengths evaluated. An almost perfect 
linear relationship was obtained, indicating that any change in enthalpy is accompanied by a 
similar change in entropy, which represents an entropy-enthalpy compensation. 
That compensation can be associated with the balance of molecular interactions that 
actuates in the formation and stability of complexes at different ionic strengths. The 
electrostatic interactions, recognized as the main molecular interactions in the formation of 
the polyelectrostatic complexes operate at a greater distance than the hydrogen bonds and 
Van der Walls interactions. In higher salt concentrations, the ions shield the charge of 
polyelectrolytes in solution disfavoring the electrostatic interactions, and then, the 
importance of non-electrostatic forces on complexation rises. The occurrence of non-
electrostatic interactions is commonly characterized by tighter binding that contributes to 
the loss of entropy (BOLEL et al., 2012). Thus, the gain in enthalpy of binding is offset by a 
loss in entropy, justifying the result presented in Table 3.2. 
The reduction of the absolute values of ∆H of complexes as a function of the 
increase in salt concentration is due to electrostatic screening effects of Na+/Cl–, which 
weakens the attractive interactions between polymers. For GA:CHI, the formation of 
complexes practically was not observed at 100 mM of NaCl, underlying a predominance of 
electrostatic interactions in this system. Similarly, Liu et al. (2010) and Liu, Low, & 
Nickerson (2009) reported that from levels of 100 mM NaCl, the coacervation of pea 





The ALG:CHI was the less sensitive complex to the presence of NaCl. The increase 
in the NaCl concentration from 0-100 mM has not shown any significant change in the 
values of ΔH of the system. That behavior was attributed to the effect of ALG in the 
complex. Carneiro-da-Cunha, Cerqueira, Souza, Teixeira, & Vicente (2011) evaluated the 
effect of ionic strength (0 – 17 mM) in solutions of ALG (2.0-6.0 mg/mL), CRG (2.0-4.0 
mg/mL) and CHI (2.0-6.0 mg/mL). They observed that the increase of NaCl exerts a 
significant (p ≤ 0.05) influence in the average size of all polymeric solutions evaluated, with 
exception to ALG. In addition, the authors observed that changes in the ζ-potential of ALG 
solutions were near to the observed for CHI, but much less pronounced than CRG solutions. 
The authors attributed the lower sensitivity of ALG to changes in NaCl concentration of the 
compound structure, which in this case was already influenced by the presence of Na+. 
The variation of ΔH-values of CRG:CHI from 0-100 mM of NaCl was not enough to 
suppress the formation of CRG:CHI complexes, but was significant at p ≤ 0.05. Weinbreck 
et al., (2004) reported a partial inhibition in complex formation for a whey protein isolate-
CRG at NaCl concentration greater than 45 mM, with complete inhibition at 1 M NaCl. The 
higher amount of NaCl necessary to suppress the complexation of cationic polymers with 
the CRG is associated with the high negative charge of the sulfate groups in its structure.  
The effect of temperature in the formation of complexes was also evaluated at 50 ºC 
to complex with 0 mM of NaCl (Supplementary Material). As temperature increase had no 
significant (p ≤ 0.05) effect on the complexation of the polymers, the values of heat capacity 
(ΔCp = ∂ΔH/∂T) between 25-50 ºC were equal to zero (p ≤ 0.05), confirming the negligible 
effect of hydrophobic interactions on CHI complexes with GA, ALG or CRG. The ΔCp 
provides thermodynamic information on the change in hydration of the complexes and in 
most ITC studies, a negative value of ΔCp is interpreted as an indicator of hydrophobic 
effect in the binding process (DARBY et al., 2017; KABIR; KUMAR, 2013). 
3.2.3.2. Turbidity 
The evolution of turbidity of CHI solution during the addition of aliquots of anionic 
polymers was evaluated at different salt concentration, 0, 50 and 100 mM of NaCl (Figure 
3.6). This experiment was conducted to mimic the ITC experiments. The results presented 
very low standard deviations, and the turbidity was seen as a sensitive measure of 
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Figure 3.6 Evolution of turbidity (τ) of complexes GA:CHI (a) and ALG:CHI (b) and CRG:CHI 
(c) obtained at 25 ºC and in pH 3.5, 3.25 and 4.0, respectively. (Coefficients of variation ≤ 5%). 
In the initial titration stage, the turbidity of samples increased until reaching a 
maximum point. This increase of turbidity was associated with the formation of insoluble 
complexes. The maximum turbidity reached in each system corresponded to the 
stoichiometric molar ratio defined in ITC analysis, which is the point of maximum 
complexation of polymers. Moreover, the turbidity profile of samples was characterized by 
two different behaviors: 1) the turbidity of samples gradually decreased (without any 
apparent precipitation or polymer aggregation), indicating the dissolution of the complexes; 
2) the turbidity of samples remained almost constant, though with a slight decrease trend.  
The complex that showed a gradual decrease in turbidity values was GA:CHI. That 
decrease might be due to the decrease in size or volume fraction of particles ocasionated by 
increase of electrostatic repulsion of the system, with addition of anionic polymer in excess. 
The other two systems (CRG:CHI and ALG:CHI), behaved as described in the 
second case, where the turbidity remained practically constant (though with a slight 
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decrease trend) after reaching a maximum point. That behavior is in agreement with the 
microstructural change of complexes ALG:CHI and CRG:CHI presented in Figure 3.4, 
where the transition of condensed soft matter from coacervate to gel phase was proposed 
(Section 3.2.2). The results in Figure 3.6b and 3.6c, respectively, are in accordance with the 
gelling of the complexes from the experimental condition where the charge stoichiometry of 
systems was achieved. Possibly, the reduction of electrostatic repulsion in this experimental 
condition was the trigger to start the cold gelation of complexes at room temperature and at 
a polymer concentration below the gelling concentration of the non-complexed polymers. 
Thus, due to gelation of systems ALG:CHI and CRG:CHI, the complete dissolution of 
complexes was not reached with addition (in excess) of the anionic polymer. 
For all complexes (GA:CHI, ALG:CHI and CRG:CHI), the overall turbidity of the 
samples containing NaCl was lower than the observed in solutions in which the salt was not 
added, or was added in a lower concentration. That result is related to a reduced 
complexation of polymers in presence of NaCl, which was also verified by ITC. 
4. CONCLUSION 
The use of complementary experimental techniques (ITC, turbidimetric titration, and 
ζ-potential) allowed the determination of binding stoichiometry of complexes and a better 
molecular understanding of the complexation of CHI with GA, ALG and CRG. The 
structural phase transition of coacervate to gel was proposed to the complexes ALG:CHI 
and CRG:CHI. That transition in a process of associative phase separation is interesting 
because it could allow modulating the internal structure and the firmness of gels by 
adjusting the pH, the ionic strength and the polymer ratio. The variation of ionic strengths 
(0-100 mM of NaCl) in the complexation of CHI with anionic polymers resulted in the 
enthalpy-entropy compensation with a significant reduction in the binding affinity of 
complexes GA:CHI and CRG:CHI. The complex ALG:CHI was less sensitive to the 
presence of NaCl (0-100 mM) than the other complexes. The unique characteristics of each 
complex studied in this work open opportunity for CHI application in different food 
systems, such as microcapsule formation, textural modification in products with lower or 
higher salt content, and others. To use these systems in food formulations it is still important 
the knowledge of the thermal and rheological behavior of the preparations and their 
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ABSTRACT  
The polymers κ-carrageenan (CRG), sodium alginate (ALG) and gum Arabic (GA) were 
complexed with chitosan (CHI) at different polymeric ratios. The total polymer 
concentration and the pH of complexes were fixed in 2 wt% and 4.0, respectively. The 
storage and loss modulus, G' and G", were determined in the cooling and heating of the 
samples in the temperature range of 20-80ºC. It was observed that different polymer 
proportions resulted in variations in the viscoelastic modulus, G' and G", which followed a 
trend parallel to the charge stoichiometry of the GA:CHI, ALG:CHI and CRG:CHI 
complexes. The CRG:CHI and ALG:CHI complexes gelled upon reaching the charge 
stoichiometry, whereas GA:CHI did not form gel in any of the experimental conditions 
evaluated. The differential scanning calorimetry evidenced that these complexes formed 
coupled structures and the Fourier Transform infrared spectroscopy confirmed the 
electrostatic interactions between polymers in the formation of complexes. This study 
highlights that a variety of coupled gels can be obtained by changes in polymer ratio of 
cationic CHI and anionic polysaccharides, exploiting physical interactions and promoting 
its application in industry. 
Keywords: Composite hydrogel, coupled gels, electrostatic complexes, associative phase 
separation.  
1. INTRODUCTION 
The mixtures of polysaccharides are used in many food systems because, in 
addition to its excellent biocompatibility, biodegradability, and non-toxicity, they can be 
used to control the viscosity, increase the stability and provide specific textural properties 
in food formulations (CHOI; NAM; NAH, 2016; PEREIRA; DE ARRUDA; STEFANI, 





The inclusion of chitosan in mixtures of polysaccharide has an additional 
advantage that is the ability to provide antioxidant and antimicrobial properties to the 
system (GUTIÉRREZ, 2017; ROCHA; COIMBRA; NUNES, 2017). This polymer forms 
polyelectrolyte complexes with anionic polysaccharides as sodium alginate (ALG), κ-
carrageenan (CRG), and gum Arabic (GA), which in general, are responsible for changes 
in pH, ionic strength, temperature, polymeric ratio and total polymer concentration 
(AFZAL; MASWAL; DAR, 2018; BECHERÁN-MARÓN; PENICHE; ARGÜELLES-
MONAL, 2004; ESPINOSA-ANDREWS et al., 2007, 2010, 2013; GOYCOOLEA et al., 
2000; KULIG et al., 2016; ROLDAN-CRUZ et al., 2016; SÆTHER et al., 2008; 
VOLOD’KO et al., 2016, 2012). Because of that, a large variety of structures can be 
observed from the complexation of these polyelectrolytes, including soluble complexes, 
insoluble complexes (complex coacervates and precipitates) and gels (COMERT et al., 
2016; LORÉN; HERMANSSON, 2000; TURGEON et al., 2003)  
The simultaneity with which different structures are formed, the coexistence of 
them and their overlap in time is the target study of some researchers (COMERT et al., 
2016, 2017; KAUSHIK et al., 2018; LORÉN; HERMANSSON, 2000; PATHAK et al., 
2016; PATHAK; RAWAT; BOHIDAR, 2015; WANG; WANG; et al., 2007). The 
structural transition from complex coacervate phase to gel as a function of the mixing ratio 
of biopolymers, for example, was reported in complexes of xanthan gum with β-
lactoglobulin (LANEUVILLE et al., 2006), CRG with fish gelatin (SOW et al., 2018),  β-
lactoglobulin with gelatin B (PATHAK et al., 2016; PATHAK; RAWAT; BOHIDAR, 
2015), bovine serum albumin with gelatin B (PATHAK et al., 2014, 2016), and to 
complex of pectin with zein nanoparticles (KAUSHIK et al., 2018). 
The study of structures formed from a misture of polyelectrolytes is important to 
development of new products because the microstructure and firmness of these ones, can 
be modulated by adjusting the polymer ratio, total polymer concentration, pH, temperature 
or strength ionic of the medium (LANEUVILLE, TURGEON, SANCHEZ, PAQUIN, 
2007). Thus, the main objective of this work was to evaluate the rheological behavior of 
the GA:CHI, ALG:CHI and CRG:CHI complexes as a function of temperature, varying 
the polymer ratio. Differential scanning calorimetry and Fourier Transform infrared 





2. MATERIAL AND METHOD 
2.1. Material 
Chitosan (CHI, Deacetylation degree = 85%, CAS 9012-76-4, Sigma-Aldrich), κ-
carrageenan (CRG, CAS 9000-07-1, SatiagelTM OF 10, Cargill), sodium alginate (ALG, 
M:G ratio = 0.6, CAS 9005-38-3, Grindsted Alginate FD 175, DuPont) and gum Arabic 
(GA, CAS 9000-01-5, Instantgum, Colloides Naturels) were used as received without 
further purifications. The molecular weights (Mw, Mn and Mz) and polydispersity index 
(Mw/Mn) of polymers were provided in Chapter III. The deacetylation degree of CHI was 
confirmed by FTIR and CNHS-O analysis and the M:G ratio of sodium alginate was 
obtained from circular dichroism analysis. Acetic acid (CAS J 64-19-7, J.T. Baker), 
sodium hydroxide (CAS 1310-73-2, Synth) and other chemicals were of analytical grade. 
Ultrapure water with a resistivity of 18.2 mΩ was obtained from Milli-Q purification 
device (Millipore Co.) and used as a solvent to all complexation experiments. 
2.2. Polysaccharides dispersions 
The polysaccharide dispersions were prepared at a polymer concentration of 2 wt% 
by dispersing appropriate amounts of polysaccharide powder in deionized water (in the 
case of CHI, the polymer was dispersed in the solution of acetic acid 1% (v/v)). For CRG, 
after the dispersion of the CRG powder, the sample was heated to 80 °C using a hot plate-
magnetic stirrer by 30 min to ensure complete dissolution of the polysaccharide. All the 
other polysaccharide dispersions were prepared at room temperature. After complete 
dispersion of polysaccharides, the samples were stirred overnight at 25 ± 1 °C for full 
hydration of the polymer and the pH was adjusted to pH 4.0.  
2.3. Complexation of polysaccharide dispersions 
For the preparation of complexes, the individual polysaccharide dispersions were 
previously equilibrated at 50 °C for 15 min in a hot plate-magnetic stirrer. Then, the 
complexes were made at the following anionic polymer (CRG, ALG and GA) to CHI 
polymer ratios 0:1, 1:3, 1:1, 3:1 and 1:0 (w/w). The pH of the mixtures was verified and, 
when necessary, it was re-adjusted to pH 4.00. Then, the samples were allowed to 
equilibrate at 25 ± 1 °C for 48 h before characterization. 
2.4. Zeta-potential (ζ-potential) measurements 
The ζ-potential of samples was determined in a Zetasizer Nano-ZS (Malvern 
Instruments, Worcestershire, UK). The instrument was operating at 25 °C with a 4 mW 





solvent were set at 78.5 and 1.333 respectively. Prior to the analysis, the samples had to be 
diluted at 0.2 wt% using ultrapure water with pH adjusted to pH of the sample. The 
measurements of ζ-potential were made in a disposable capillary cell (DTS1070, Malvern 
Instruments, UK). The electrophoretic mobility was calculated from Henry equation and 
the approximation proposed by Smoluchowski was used to obtain the ζ-potential value. 
2.5. Rheological measurements 
The rheological measurements were performed in the dynamic oscillation mode, on 
a Physica MCR 301 rheometer (Anton Paar Physica, Austria) equipated with a Peltier 
system Viscotherm VT2 (Anton Paar Physica, Austria). A 75mm parallel plate 
configuration (PP75) was used with a 1 mm gap height. The storage (G') and loss (G") 
modulus of the polymer solutions and complexes were determined as a function of 
temperature, in the heating from 20 to 80 ºC and cooling from 80 to 20 ºC. A frequency of 
1 Hz and strain of 0.1% were determined in a strain sweep (10–103% at 1 Hz) as a linear 
viscoelastic region of samples. The experiments were carried out at different heating rates 
(1, 5 and 10 °C/min). The sample was transferred directly from a glass beaker to the 
bottom plate of the rheometer using a spatula. A thin film of low-viscosity silicone oil 
covering the sample perimeter was used to prevent solvent evaporation at long 
measurement times.  
2.6. Fourier Transform Infrared Spectroscopy (FTIR) 
The FTIR spectra were recorded on a Bruker IFS-55 FTIR spectrometer (Bruker 
Analytik, Germany) in the pellet with KBr. Prior to analysis, the polymers were kept in a 
desiccator and the polymeric complexes were dried in a freeze dryer for 24 h (The same 
procedure was made to DSC analysis). Each sample (2%, w/w) was added to dry 
potassium bromide (KBr), and the mixture was ground into fine powder using an agate 
mortar before pressing into a thin KBr pellet under a hydraulic press at 10,000 psi. IR 
spectra were recorded by the accumulation of at least 100 scans from 4000 to 400 cm−1, 
with a resolution of 4 cm-1. 
2.7. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry was performed and analyzed according to Kaur 
et al. (KAUR; KAUR, 2018), using a DSC calorimeter (Model 2920, TA Instruments, 
USA). Approximately 3 mg of each sample was put into an aluminum pan and then sealed 





from 0 to 350 °C at 10 °C/min. The melting point, peak transition, as well as enthalpy of 
fusion, were obtained from the DSC thermogram. 
2.8. Statistical analysis 
The data presented in this work represents the mean (± standard deviation, SD) of 
two independent experiments, each analyzed in triplicate. Statistical analysis was 
performed using Statistica version 8.0 (Stat Soft Inc., USA). Significant differences among 
samples were determined by the Tukey test. The level of significance was set at p ≤ 0.05. 
3. RESULTS AND DISCUSSION 
3.1. Effect of polymer ratio on the zeta-potential of complexes 
The interactions of CHI with anionic polymers (GA, ALG and CRG) were 
evaluated at pH 4.0. The ζ-potential of these polymers and complexes at different polymer 
ratios (1:3, 1:1 and 3:1) are displayed in Figure 4.1. 
   
     (a)         (b)           (c) 
Figure 4.1 ζ-potential of complexes CRG:CHI (a), ALG:CHI (b) and GA:CHI at pH 4.0 
in the polymer ratios of 0:1, 1:3, 1:1, 3:1 and 1:0. 
The ζ-potential of CHI dispersion at pH 4.0 was around +48 mV, while the ζ-
potential of GA, ALG and CRG, in the same pH, was around –15, –58 and – 63 mV, 
respectively. In Figure 4.1a and 4.1b, the inversion of ζ-potential in the complexes 
CRG:CHI and ALG:CHI was observed in the range of the polymer ratio of 1:1 to 3:1, 
indicating that the charge stoichiometry of these systems is located between these 
polymeric ratios. The same was not observed for the complex of CHI with GA, indicating 
that a larger amount of GA would be required to neutralize the CHI. 
Additional polymer ratios were tested to verify the charge neutrality of complexes 
and, in this evaluation, the GA:CHI, ALG:CHI complexes achieved the charge neutrality 
in the polymer ratio of 5.5:1 and 5:4, respectively. For CRG:CHI, the charge neutrality of 
the complex was not observed in any of the experimental conditions tested. 
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The charge neutrality of ALG:CHI was similar to that observed in the early work 
of our research group. For CRG:CHI, the absence of charge neutrality is also in agreement 
with our previous data. Because of that, the polymer ratio of 2:1 will be considered as the 
stoichiometric condition of CRG:CHI, since it presented a ζ-potential  of – 38.90 ± 1.03 
mV, which is the less value of ζ-potential observed to this complex, in modulus. 
For GA:CHI, the polymer ratio where the charge neutrality of complex was 
observed reduced significantly from that reported in our previous study (7:1, pH 4.0, 0.2 
wt%). That result is attributed to the effect of total polymer ratio in the complexation of 
GA:CHI. The reduction of polymer ratio with an increase of total polymer concentration is 
a typical characteristic of the phase behavior of polyelectrolyte mixtures (LI; XIA; 
DUBIN, 1994; SCHMITT; ABERKANE; SANCHEZ, 2009; TURGEON; 
LANEUVILLE, 2009). This occurs because the increase of total biopolymer concentration 
favors the release of more counterions in solution, which screen the charges of the 
biopolymers, and tends to suppress the complexation (LI; XIA; DUBIN, 1994; SCHMITT; 
ABERKANE; SANCHEZ, 2009; TURGEON; LANEUVILLE, 2009). 
3.2. Rheological characterization  
Complexes of CHI with anionic polysaccharides (CRG, ALG and GA) prepared at 
different polymer ratios at a constant pH of 4.0, were subjected to oscillatory rheological 
measurements in order to investigate the influence of the polymer ratio on the rheological 
properties of systems in heating and cooling cycle of 20 – 80 ºC. The polymer ratios of 
1:3, 1:1 and 3:1 were evaluated to the complexes CRG:CHI, ALG:CHI and GA:CHI. An 
additional polymer ratio, determined in Section 3.1, was also investigated.  The control 
condition consisted in the rheological behavior of dispersed polysaccharide samples.  
In Figure 4.2a, the viscoelastic modulus (G' and G") of CHI are presented in three 
different scanning rates (1, 5 and 10 ºC/min). The polymer remained in a sol state (G" > G’) 
in the cycle of heating and cooling temperatures (20-80 ºC). In the heating, the value of G' 
and G", and thus, the complex viscosity, decreases. In cooling, the opposite behavior was 
observed, showing that temperature only affects the viscosity of CHI, and does not induce 






            (a)  (b) 
Figure 4.2 Temperature dependence of storage (open symbols), G', and loss modulus 
(closed symbols), G", on cooling (blue symbols) and heating (red symbols) process carried 
out at 1 (∆), 5 (○) and 10 (□) ºC/min for CHI (a) and their complex with GA in the 
polymer ratio of 5.5:1 (GA:CHI) (b). Both samples were prepared at pH 4.0 and 2 wt% of 
total polymer concentration. 
For GA, no reliable G' and G" values of pure dispersions against temperature were 
obtained as the data were unstable mainly due to its low concentration. This polymer does 
not gel and is characterized by presenting a low viscosity, even at high concentrations 
(around of 30 wt%) (BERTUZZI; SLAVUTSKY, 2019). 
The rheological behavior of GA:CHI (5.5:1) as a function of temperature is shown 
in Figure 4.2b. The other polymeric ratios (1:3, 1:1 and 3:1) exhibited this same 
rheological profile. In general, the increase in the scanning rate (1, 5 and 10 ºC/min) did 
not influence the rheological behavior of the samples and the values of G' and G" of the 
GA:CHI complexes increased towards the polymer ratio of 5.5:1, indicating a possible 
relationship between the rheological behavior and the complexation of the polymers. 
For CRG:CHI and ALG:CHI, the relation between the rheological behavior and 
complexation of the polymers was more evident. In the charge stoichiometry, the values of 
G' and G" of complexes were higher than those observed for the complexes formulated 































































































          (a)       (b) 
 
Figure 4.3 Temperature dependence of storage (G') and loss modulus (G"), on cooling and 
heating process, carried out at 5 ºC/min for complexes CRG:CHI (a) and ALG:CHI 
obtained at pH 4.0 and 2 wt% of total polymer concentration. From a) CRG:CHI at 
polymer ratios of 0:1, 1:3, 1:1, 2:1, 3:1 and 1:0 and from b) ALG:CHI at polymer ratios of 


























































































































The polymeric ratio influenced significantly the heating and cooling curves of 
CRG:CHI and ALG:CHI complexes. In Figure 4.3a, for example, the CRG:CHI (1:3) showed 
a viscous behavior (G" > G') over the entire range of temperature evaluated, similar to observed 
to CHI, which is the polymer that is in excess in this polymer ratio. For CRG:CHI (1:1), the 
values of G' and G" increase in relation to values observed in the CRG:CHI (1:3), and with an 
addition of more CRG, G' became higher than G" in the CRG:CHI (2:1). In this condition, the 
G' was greater than G" over the whole temperature range of 20-80 ºC. However, with the 
addition of CRG in excess, the viscoelastic modulus and the temperature range where G' was 
greater than G" decreased in the CRG:CHI (3:1). Similar behavior was observed for ALG:CHI, 
indicating that the evolution of the viscoelastic modulus, G' and G", follows a trend parallel to 
the charge stoichiometry of complexes (Figure 4.3).  
In Figure 4.4, the rheological behavior of CRG and ALG dispersions, and of their 
complexes with CHI is presented in three different scanning rates (1, 5 and 10 ºC/min). 
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           (c)            (d) 
Figure 4.4 Temperature dependence of storage (open symbols), G', and loss modulus 
(closed symbols), G", on cooling (blue symbols) and heating (red symbols) process carried 
out at 1 (∆), 5 (○) and 10 (□) ºC/min for CRG (a), ALG (c) and their respective complexes 
with CHI in the polymer ratio of 2:1 (CRG:CHI) (b) and 5:4 (ALG:CHI) (d). Both 
samples were prepared at pH 4.0 and 2 wt% of total polymer concentration. 
The difference in rheological behavior of ALG (Figure 4.4c) and CHI (Figure 
4.2a), which do not gel, and of CRG (Figure 4.4a), which form a thermoreversible gel, is 
in accordance with literature data (AFZAL; MASWAL; DAR, 2018; PICULELL, 2006). 
The CRG shows a more complex rheological behavior than the other polysaccharides. At 
the initial stage of heating, the CRG reveals gel-like behavior (G' > G") and the values 
of G' and G" decrease slightly with increasing temperature. The decay of viscoelastic 
parameters becomes more pronounced as it gets close to the gel-sol transition. At this 
point, the value of G' decreases markedly in relation to the value of G". The behavior of 
CRG viscoelastic modulus after the gel-sol transition is characterized by a continuous and 
less accentuated decay. In the subsequent cooling process, the polymer show a very 
similar profile to that described in the heating step, but in the opposite direction. The 
difference in the cooling and heating cycle reflects the thermal hysteresis expected for 
conformational transitions of CRG during the heating and cooling process 
(GOYCOOLEA et al., 2000; PICULELL, 2006). 
Still in the Figure 4.4a, we observe that the scanning rates (1, 5 and 10 ºC/min) 
slightly influenced the heating and cooling of CRG, showing that conformational 
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transitions of CRG were established in short times, while for CRG:CHI (2:1) the scanning 
rates had a significant effect on the heating and cooling of the system (Figure 4.4b). In this 
complex, at a lower heating rate the polysaccharide molecules have more time to rearrange 
and align, while at a higher heating rate, the polysaccharide molecules do not have enough 
time to rearrange in the complex. Consequently, higher heating and cooling rates cause a 
weakening effect on gel elasticity as evidenced by the lower final G' and G" values. 
The scanning rates also had a significant effect on the ALG:CHI (5:4) complex 
(Figure 4.4d). However, beyond the scanning rate the rheological profiles of the CRG:CHI 
(2:1) and ALG:CHI (5:4) was significantly different from that observed in the pure 
polymers. For CRG:CHI (2:1), the values of G' were higher than G" over the entire range of 
temperature evaluated. In heating, the values of G' and G" showed a pronounced decrease 
above 40 ºC and around 50-60 ºC, the values of G' and G" increase up to 80 ºC (Figure 4.4b). 
For ALG:CHI (5:4), the viscoelastic modulus remained in a constant decrease before the 
temperature increase of 20 up to 60 °C in the heating stage. In this range of temperature, 
the G' crossover the G", but the difference between values of G' and G" is not significant 
in this first step of heating. From this point, the values of G' and G" increase with the 
temperature up to final of heating at 80 ºC.  
In the cooling of CRG:CHI (2:1) and ALG:CHI (5:4), the process was dominated 
by a more elastic behavior (G' > G"). The difference between G' and G" in the cooling 
suggests that gels formed with CRG were higher than observed to complex with ALG, 
showing that gels CRG:CHI is mechanically stronger. For both complexes, lower cooling 
rates favored the formation of more rigid gels, which may be associated with the longer 
time required to rearrange polysaccharides in a certain molecular conformation or the 
establishment of molecular interactions that are more favorable at low temperatures (such 
as electrostatic interactions and hydrogen bonding). 
3.3. Thermal characterization 
To offer complementary perspectives to the thermal properties discussed thus far, 










Figure 4.5  DSC heating curves of pure polymers (CHI, CRG, ALG and GA) (a), and of 





In regard to the polymers CHI, ALG and GA, a broad endothermic peak centered 
around 117 – 127 °C, and an exothermic peak above 200 °C are evident in the heating 
curves presented in Figure 4.5. The endothermic transition is characteristic of moisture 
desorption of samples, which is attributed to the hydrophilic nature of polysaccharides. 
Similar results were observed by other authors that observed an endothermic peak at 100-
150 ºC, characteristic of the moisture loss of GA (DAOUB et al., 2018), ALG (SOARES 
et al., 2004) and of CHI (KITTUR et al., 2002). The exothermic peaks at temperatures 
higher than 200 ºC were attributed to the partial thermal degradation of the 
polysaccharides. This result suggests that evaluated polymers are thermally stable at the 
processing temperatures used in the food industry. Kittur et al. (2002) and Guinesi & 
Cavalheiro (2006) observed the exothermic peak of CHI degradation at temperatures 
between 295 – 325 ºC. According to the authors, the CHI degradation at this temperature 
is related to the decomposition of amine units (GlcN) of the polymer. Another degradation 
peak is commonly observed at 400 – 404 ºC and is associated with the acetyl (GlcNAc) 
units decomposition of the CHI (GUINESI; CAVALHEIRO, 2006). The onset point of 
ALG degradation was observed around 240  – 260 ºC (SOARES et al., 2004).  
For CRG, apart from the characteristic peaks of the moisture loss around 117 ºC 
(ALNAIEF; OBAIDAT; MASHAQBEH, 2018; THOMMES; BLASCHEK; 
KLEINEBUDDE, 2007; ZHU et al., 2014), another endothermic peak was observed at 
51.43 °C, which is consistent with other works in the literature (CHEN et al., 2019; 
IIJIMA et al., 2013; LIU, SIJUN; HUANG; LI, 2016; NÚÑEZ-SANTIAGO; TECANTE, 
2007). The degradation of CRG was evidenced by Alnaief et al. (ALNAIEF; OBAIDAT; 
MASHAQBEH, 2018) around 200 ºC, a little more than 30 ºC above the temperature 
observed in this work. According to the authors, the degradation of CRG results from the 
spontaneous decomposition of the κ-carrageenan by the output of carbon dioxide and 
sulfur dioxide, and the fragmentation of the polysaccharide backbone. 
In Figure 4.5b, a thermogram of a stoichiometric complex and a thermogram of a 
complex with an excess of anionic polymer to each system are presented. For both 
complexes, the characteristic peak of the degradation of the pure polymers disappeared 
and new characteristic peaks were observed to each polymer. 
For CRG:CHI two endothermic peaks are observed in the thermogram. The first of 
these peaks is observed at 55.91 ºC (CRG:CHI 3:1) and 51.46 ºC (CRG:CHI 2:1), which 
could be related to CRG self-association. In the stoichiometric condition of the ALG:CHI 





addition of the anionic polymer, this peak shifted to 122.94 °C. This behavior was tested 
with samples containing more ALG in excess and the same displacement to a lower 
temperature was observed (data not shown).  
For GA:CHI, an interpretation of the thermal profile obtained by the DSC analysis 
appears to be more complex. It was observed the formation of three endothermic peaks, in 
each evaluated samples. These three peaks were also observed by You et al. (2018), which 
characterized complexes of hsian-tsao gum and CHI. The authors associated the formation 
of the peaks with the formation of electrostatic complexes. 
3.4. Fourier Transform Infrared Spectroscopy (FTIR) 
Fourier Transform infrared spectroscopy is a powerful tool of structural analysis of 
biopolymers (PRADO et al., 2005; SYNYTSYA; NOVAK, 2014), and polymeric 
complexes (ALSHARABASY; MOGHANNEM; EL-MAZNY, 2016; DEHGHAN; KAZI, 
2014; LI, C.; HEIN; WANG, 2013). Two spectral regions are important for structural 
characterization of polysaccharides; the “anomeric region” (950  – 750 cm–1) and the “sugar 
region” (1200 – 950 cm–1). The first region contains weak bands of complex skeletal 
vibrations sensitive to the anomeric structure of glucose (SYNYTSYA; NOVAK, 2014). 
The pyranoid ring vibrations overlapped with stretching vibrations of (C–OH) side groups 
and the (C–O–C) glycosidic bond vibration predominate in the latter region 
(KAC̆URÁKOVÁ et al., 2000), highlighted in yellow in Figure 4.6a.  
The green region in Figure 4.6 represents the amide groups (amide I, II and III),  
and in the high wavenumbers region (3600  – 3000 cm–1) the stretching vibrations of N-H 
and the O-H groups are observed, and a broadband between 3000 and 2800 cm−1 attributed 
to C-H stretching vibration (FERREIRA et al., 2014).  In the region of 3600 – 3000 cm-1, 
the FTIR spectra of the pure polymers show an abroad absorption band, which also 
appears in the complexes, but with a lower intensity. This could indicate that slight 
hydrogen bonding interactions between polymers occurred during the complexation 
(HUANG et al., 2012; YOU; LIU; ZHAO, 2018).  
In Figure 4.6b and 4.6c, special attention was given to the 500–1500 cm−1 region 
that including the vibrational modes of amide groups and the sugar region, which that are 






Figure 4.6  FTIR spectra of CHI, CRG, ALG, GA (a, c) and of complexes CRG:CHI, 
ALG:CHI and GA:CHI (a, b). 
In Figure 4.6b, the CHI spectrum showed peaks 895, 1030, 1076 and 1154 cm−1 
indicating the C–O stretching vibration, which is characteristic of saccharide structures 
(KUMAR SINGH YADAV; SHIVAKUMAR, 2012; MANSUR et al., 2013; 
NIKONENKO et al., 2000). The peak at 1598 cm-1 is usually related to amide II and the 
strong absorption peaks at 1652 and 1320 cm−1 are attributed to amide I and III peaks, 
respectively (MANSUR et al., 2009). The identification of the amide in CHI is commonly 
used to evaluate the complexation of this polysaccharide. However, taking into account 
that deacetylation of CHI used in this work is of 85%, only 15% of the nitrogen atoms 
would occur as amides. Amine deformation vibrations usually produce strong to very 





















































































































































1598 cm-1 is probably the N−H bending vibration overlapping the amide II vibration and 
that the 1652 cm-1 band is the amide I vibration, similarly the observed by Lawrie et al. 
(LIU, SIJUN; HUANG; LI, 2016). 
For CRG (Fig. 4.6c), the bands observed around 845 cm-1, 925 cm-1, 1026 cm-1 and 
1226 cm-1 indicated the presence of C–O–SO3 on D-galactose-4-sulfate, C–O of 3,6-
anhydro-D-galactose, glycosidic linkage (C–O) of 3,6-anhydro-D-galactose and S=O 
stretching of sulfate esters, respectively, which were typical features for CRG (CORREA-
DÍAZ; AGUILAR-ROSAS; AGUILAR-ROSAS, 1990). The band at 801 cm-1 is 
characteristic of the vibration –O–SO3 axial on C-2 of 3,6-anhydrogalactose is almost 
absent from the IR spectrum, indicating the very scarce presence of ι-carrageenan units, a 
common contaminant of κ-carrageenan (CRG) (PEREIRA et al., 2009; PEREIRA; 
MESQUITA, 2004; ROSAS-DURAZO et al., 2011).   
GA showed typical bands at 1610 cm−1 attributed to asymmetric stretching 
vibrations of carboxyl acid salt –COO− and also broad peaks at 1068 cm−1 and 1420 cm-1, 
due to the stretching vibrations of the C–O bond (ESPINOSA-ANDREWS et al., 2010; 
LIU, SIJUN; HUANG; LI, 2016). 
The spectrum of ALG shows characteristic absorption peaks of polysaccharides 
around 1095 cm−1 (C–O stretching), 1030 cm−1 (C–O–C stretching), and 947 cm−1 (C–O 
stretching). In addition, the FTIR spectrum of this polymer exhibit peaks at 1609 and 1416 
cm−1 which are assigned to asymmetric and symmetric stretching peaks of carboxyl 
groups (SMITHA; SRIDHAR; KHAN, 2005). 
Shifts in the bands arising from the ionized groups of ALG, GA and CRG relative 
to their complex with CHI can be see in Figure 4.6c, indicating intermolecular interactions 
involving –COOˉ or –OSO3ˉ groups with the amino group of CHI (−NH3
+). The addition 
of acetic acid in complexation of systems at pH 4.00 also promoted a change in the FTIR 
spectra, resulting in a weak absorption band around 1710 cm-1 (DELMAR; BIANCO-
PELED, 2016).  
In complexation with CHI, the peak 1560 cm-1 of CRG:CHI is due to the 
symmetric deformation of –NH3
+ groups, suggesting that the electrostatic interaction 
occurs between ionizable groups of sulfated polysaccharide and the amino group of CHI. 
The peak at 1640 cm−1 observed for the same complexes can be attributed to the amide 
group (–NH2) unprotonated of CHI and is an indication that not all ionizable groups of 





evidenced by the sharpening of the bands at 1608 cm−1 due to the –COO− groups in the 
ALG and the disappearance of the CHI amino bands.  
The new absorption band around 1412 cm−1 is another indication of interaction 
between CHI and anionic polymers in polyelectrolyte complexes. Peaks around this 
wavelength have already been identified by others authors as Simsek-Ege et al. (2003) and 
Lawrie et al. (2007), in complexation of CHI and ALG, and Tapia et al. (2004), in 
complexation of CHI with CRG. The appearance of this peak is attributed to the 
electrostatic interaction of the protonated amine groups of CHI (−NH3
+) and the negatively 
charged groups of anionic polymers. 
4. CONCLUSION  
The changes of viscoelastic modulus, G' and G", in different polymers ratios were 
evaluated as a function of temperature for three different polymeric complexes (CRG:CHI, 
ALG:CHI and GA:CHI). The increase of the viscoelastic modulus, of complexes in 
relation to pure polymers was attributed to electrostatic interaction of polymers. By 
varying the ratio of polymer, the average viscosity values follow a tendency parallel to the 
charge stoichiometry of the complex. The GA:CHI behaved like typical polymer systems 
in which there is no gel formation. For CRG:CHI and ALG:CHI, the gelation of the 
systems were verified in the cooling of samples, the heating and cooling rates were 
important parameters that influenced significantly the strength and development of these 
gels. The CRG:CHI gels were significantly stronger than the ALG:CHI gels, and in 
stoichiometric condition, the system CRG:CHI remains as a weak gel throughout the 
assessed temperature range (20-80ºC). The rheological properties of these materials are 
very interesting and could be extended to application into fields in which they are not used 
yet, as for example: meat mimetics and fat substitutes. Specifically, we believe that the 
application of CRG:CHI and ALG:CHI gels as fat substitutes in chocolates are feasible 
because of the lower heating and cooling rates that are usually used in the processing of 
this product. For the system GA:CHI, some of the viable applications would be in films 
and food coatings. 
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A nanostructured lipid carrier (NLC) has been developed as a loading system for Vitamin 
D (VD). The NLCs were obtained by melt-emulsification method and coated with chitosan 
(CHI) by electrostatic deposition. The lipids used in the formulations were selected in 
order to provide higher encapsulation efficiency. Thermophysical properties of particles 
were evaluated by differential scanning calorimetry; particle stability was characterized by 
size distribution, polydispersity index, zeta-potential and light backscattering. The coating 
over NLCs was carried out by potentiometric titration with CHI at concentrations of 1.0, 
1.5, 2.0 and 2.5% (w/v). Stearic (SA) and oleic acids (OA) were the lipids that showed 
higher compatibility with VD. The NLC 70(SA):30(OA) was the particle with the lowest 
polydispersity, size variation and less tendency to physical instability during the storage 
time. This formulation also presented encapsulation efficiency higher than 98%. In the 
particles coating, CHI adsorption into the colloidal dispersion provided an initial 
electrostatic stabilization of the system. A long-term steric barrier was established through 
further incorporation of CHI. Coated NLCs showed a core-shell structure and a positive 
zeta-potential (+30 mV), remaining stable for 60 days at 25 ºC. During storage time, no 
expulsion of VD out of the particle was observed.  
Keywords: Lipid particles; electrostatic deposition; electrosteric stabilization. 
1. INTRODUCTION 
Lipid nanoparticles (LNs) are promising carrier systems for loading active 
compounds in foods due to their flexibility to encapsulate hydrophilic and lipophilic 
[substances in biodegradable and low toxicity particles [1,2]. These colloidal systems are 
composed of well-tolerated solid lipids (SLNs, Solid Lipid Nanoparticles) or a blend of 





demonstrated to enhance the loading capacity of the active compound in the particles 
[3,4]. 
Common disadvantages of these systems include the susceptibility to super-cooled 
melts, particle growth and the unexpected dynamics of polymorphic transitions, which can 
promote the physical instability of colloidal dispersions of SLNs or NLCs immediately 
after production and during storage time [5-7].  
In this context the surface modification of LNs has been proposed which can be an 
alternative to some of these drawbacks. The technique consists in coating the system by 
the formation of single or multilayers with natural or synthetic polymers using 
electrostatic deposition. For lipid particles, the electrostatic interaction among positively 
charged polymers and negatively charged carboxyl groups of solid lipids allows the 
formation and modification of the surface of SLNs and NLCs. This approach brings 
considerable interest as a strategy to increase the colloidal stability of particle dispersion 
during storage, due to the long-range mutual repulsion between adjacent bilayers [8,9].  
A variety of polymers have been used in the surface modification of LNs, 
including synthetic polymers such as polyethylene [10], polyvinyl alcohol [11] or 
compounds of natural origin such as chitosan (CHI). The last one has been recently 
recognized as a GRAS (Generally Recognized as Safe) polymer that may be used as 
additive in the food industry [12]. 
Chitosan is obtained from chitin, the second most common polysaccharide in 
nature [13]. Up to now, in terms of food application, this polymer was used to coat iron-
loaded NLCs in a work that investigated the release of this mineral under in vitro gastric 
and intestinal conditions [14]. Further applications of CHI in the coating of SLNs or NLCs 
were found in the pharmaceutical area [15,16], but to the best of our knowledge a 
substantial study about the changes in the particle stability promoted by addition of CHI 
was not made. 
In this study, the vitamin D3 (VD, Cholecalciferol) was chosen as an active 
compound to produce LNs. In recent years, the deficiency of this nutrient has increased 
due to the fact that current social habits, such as low exposure to sunlight and constant use 
of sunscreen, reduce its endogenous synthesis [17,18]. The sources of this liposoluble 
vitamin in the diet are few and, this nutrient is rapidly dissociated by light, oxygen and 
acids, hindering its application in fortified products [19]. Considering the challenges of 
adding VD into foods, the main objectives of the study were to obtain, characterize and 





use of a lipid matrix compatible with this nutrient. Following the initial assay, these 
systems were coated with different concentrations of CHI to investigate the effect of 
coating on the physical stability of LNs loaded with VD. The particles physical stability 
was evaluated in terms of encapsulation efficiency, particle size distribution, surface 
charge and light backscatter, during a storage period of 60 days. In addition, the thermal 
stability of coated and uncoated particles was evaluated. 
2. MATERIAL AND METHOD 
2.1. Material 
Vitamin D3 (VD, 98% of purity, Sigma-Aldrich), chitosan (CHI, MW 150-160 
kDa, 85% deacetylated, Sigma-Aldrich), fully hydrogenated palm oil (FHPO, A. Azevedo 
Ltda), glyceryl monostearate (GMS, DIMODAM®, DuPont), beeswax (BW, Chemco 
Ltda), stearic acid (SA, MW=284.48 g/mol, 95% of purity, Sigma-Aldrich), palmitic acid 
(PA, MW=256.43 g/mol 98% of purity, Vetec), oleic acid (OA, MW=282.47 g/mol, 
77.76% of purity, Vetec), linoleic acid (LA, MW=280.45 g/mol 90% of purity, Vetec), 
high oleic sunflower oil (HOSO, CUKIN, Bunge), soybean oil (SOY, LIZA®, Cargill), 
canola oil (CAN, LIZA®, Cargill) and Polysorbate 80 (TWEEN® 80, Sigma-Aldrich) were 
investigated or used as ingredients to produce LNs. All samples and solutions used in this 
work were prepared with deionized water (resistivity of 18.2 Ω cm−1), the solvents used in 
chromatographic analyses were of HPLC (High Performance Liquid Chromatography) 
grade and other chemicals were of analytical grade. 
2.2. Method 
2.2.1. Vitamin D quantification 
The quantification of VD was made according to Staffas and Nyman [20] with 
some modification. Chromatographic separations were made in a reverse phase Poroshel 
120 EC-C18 column (100 mm × 4.6 mm and 2.7 μm) at 35 °C and the mobile phase 
consisted of a mixture of methanol and acetonitrile (20:80, v/v). Flow rate was kept at 1.3 
mL/min and the system was maintained at 35 °C, the detection was carried out at λ = 265 
nm and the injection volume was of 20 μL. The chromatographic analysis was performed 
in a HPLC (LC Standard Ultimate 3000, Dionex, USA) equipped with a Diode Array 
Detector (DAD–3000, Dionex, USA). The amount of VD was calculated considering the 
dilution factor of each sample, which was evaluated in duplicate. The results were 





2.2.2. Screening of liquid lipids 
For the liquid lipid selection, the solubility of VD in different oils (CAN, HOSO, 
LA, OA and SOY) was evaluated according to Negi, Jaggi and Talegaonkar [21]. Briefly, 
VD in excess was added to each sample and stirred, for 72 h at 37 °C, at 150 rpm in a 
shaker TE-420 (TECNAL, Brazil). The resulting slurry was centrifuged at 5,000 rpm for 
30 min, the supernatant was collected, suspended in methanol, filtered (PTFE Filter - 0.22 
μm) and the VD in this portion of sample was quantified by HPLC. The samples were 
evaluated in triplicate and the results were expressed as mean (n=3) ± standard deviation. 
2.2.3. Screening of solid lipids 
For the solid lipid selection, the partition behavior of VD was evaluated in five 
different lipids (BW, FHPO, GMS, PA and SA). A known amount of VD was added to 
melted solid lipid (100 mg) dispersed in 10 mL of water into a jacketed beaker, with 
controlled temperature (80 ºC) by thermostatic bath. After 30 min of heating, the samples 
were cooled down to 25 ºC and the solidified lipid was separated by centrifugation at 
13,500 rpm for 5 min and then, the VD was quantified by HPLC in both phases (aqueous 
and lipid phase). Prior to HPLC injection, the samples were solubilized in methanol and 
filtered (PTFE Filter - 0.22 μm). The calculus of partition coefficient (Log P) was made 





                                                                                                                                                       𝐸𝑞. (1)                              
where VDi and VDaq are respectively, the initial amount of VD added in the formulation 
and the amount of VD in the aqueous phase. 
2.2.4. Selection of solid–liquid lipid ratio 
Both thermal behaviors of the pure lipids and of the binary mixture of lipids were 
evaluated in a DSC calorimeter (Model 2920, TA Instruments, USA) to define the lipid 
ratios in the NLC’s formulations. About 5 mg of the sample were weighed in airtight 
aluminum capsules and were subjected to the following temperature program: equilibrated 
at 90 °C and held for 10 min, cooled to -40 °C at a rate of 5 °C/min, held for 30 min and 
heated up to 90 °C at a rate of 2 °C/min. The lipid ratios were selected based on the 
recrystallization index (RI%), calculated by the Equation 2 [23]. The assays were 
performed in triplicate and expressed as mean ± standard deviation. 
𝑅𝐼(%) =  (
∆𝐻𝑀𝐿
∆𝐻𝐿𝑆 ∗ [𝐿𝑆𝑀]





where ΔHML and ΔHLS are the enthalpy of fusion of lipid particles and of pure solid lipid, 
respectively and [LSM] is the molar fraction of solid lipid in the lipid mixture. 
2.2.5. Thermal stability of Vitamin D 
Thermal gravimetric analysis (TGA) was performed in a TGA 500-M 
(SHIMADZU, Japan). The sample (22.4 mg) was weighed directly into an aluminum 
oxide crucible pan and heated from 30 to 500 °C at a rate of 10 °C/min, under constant 
purging with liquid nitrogen at a flow rate of 50 ml/min. 
2.2.6. Particles preparation 
Particles were obtained by the melt-emulsification method and the lipid 
concentration of LNs was fixed at 10% (w/w). In the particles with VD, the bioactive was 
added to the lipid phase at a ratio of 10% (W/W) in relation to the lipid amount (solid + 
liquid). The methodology for particle production was adapted from the work published by 
Krasodomska et al. [23]. Briefly, a lipid phase was melted at a temperature of 10 °C above 
the melting point of the lipid mixture (or pure lipid in the case of SLNs) in a jacketed 
beaker; the temperature was controlled using a thermostatic bath (Model 127 MA/BD, 
Marconi, Brazil). The aqueous phase composed by surfactant (TWEEN 80® 1%, w/w) 
solubilized in deionized water was heated to the same temperature of the oily phase and, 
next, both were mixed and homogenized in a stator rotor (Ultra-Turrax T18, IKA, Brazil) 
at 15,000 rpm for 10 min. The emulsion formed was quickly cooled to 25 °C in an ice bath 
for particles’ solidification. The particle production was carried out in absence of light to 
preserve the VD from photodegradation. All samples were produced in triplicate.  
2.2.7. Particles coating 
Chitosan solutions (0.5, 1.0, 1.5, 2.0 and 2.5% (w/v)) were prepared using 
deionized water acidified with acetic acid (1%, v/v) and were stirred overnight to complete 
dissolution of polymer. The particle coating was carried out under controlled conditions of 
pH (pH 5.5; T50 titrator, Mettler Toledo, Switzerland), agitation (300 rpm; Magnetic 
stirrer plate, Model HS 10, IKA, Brazil) and temperature (25 °C; Jacketed beaker coupled 
to Marconi thermostatic bath, Model MA126, Marconi, Brazil). During coating, 100 mL 
of particle dispersions obtained according item 2.2.6 was kept in agitation (300 rpm) using 
a magnetic stirrer and, afterwards, the polymeric solution was dripped slowly into this 
environment. The final volume of added polymer solution was defined by potentiometric 
titration so that the final concentration of CHI would hit the saturation zeta-potential of the 





(Csat) of CHI added to the formulations was calculated from experimental data using the 
Equation 3. According to Laye, McClements and Weiss [24], the value of Csat corresponds 
to the minimum concentration of polymer required to cover the oppositely charged 
particles.  
ζ𝑐 = ζ𝑠𝑎𝑡 + (ζ0 − ζ𝑠𝑎𝑡)𝑒𝑥𝑝 (
−3𝐶
𝐶𝑠𝑎𝑡
)                                                                                                                        𝑬𝒒.  (𝟑) 
where ζc is the zeta-potential of NLCs at a CHI concentration C, and ζ0 and ζsat are the 
initial and saturation NLC charges, respectively. 
2.2.8. Physical stability of particles during the storage time 
The physical stability of the particle dispersions at 25 °C was evaluated during a 
storage period of 60 days in absence of light. The particle size distribution, polydispersity 
index and zeta-potential were determined by Dynamic Light Scattering (DLS) using 
Zetasizer Nano ZS (Malvern Instruments Ltd., UK). Prior to the analyses, samples were 
diluted (1:100) and gently stirred. Measures were done in triplicate and the results 
presented as mean ± standard deviation. Physical stability of colloidal dispersions was also 
analyzed by Turbiscan Lab® Expert (Formulaction, Toulouse, France) in the days 0, 15, 45 
and 60. The results were expressed as mean (n=3) ± standard deviation of Turbiscan 
Stability Index (TSI) that was calculated from Equation 4. Original data used to calculate 
the TSI are shown in Supplementary Information. 
𝑇𝑆𝐼 =  √




                                                                                                                                       𝑬𝒒.  (𝟒) 
where xi is the average value of the scattered light intensity at each evaluated time, xBS is 
the average of xi and n is the number of scanning. TSI values range from 0 (i.e., a highly 
stable dispersion) to 100 (i.e., a highly unstable dispersion). 
2.2.9. Encapsulation Efficiency (EE%) 
Encapsulation efficiency (EE%) of VD in the LNs was calculated according to 
Equation 5. In order to remove the VD adsorbed on the particle so as to obtain the weight 
of free VD, 0.1 mL of the particulate dispersion was solvated in 2.9 mL of TWEEN® 80 
(0.5% v/v) solution and vortexed for 3 min and then the sample was centrifuged 
(Centrifuge Allegra 25R, Beckman Coulter, Brea, USA) for 30 min at 12,000 rpm and 4 
°C. After centrifugation, the supernatant was removed and the precipitate was suspended 
in 2 mL of methanol. The mixture was then centrifuged at 12,000 rpm for 30 min and the 
supernatant was filtered through a 0.22 µm PTFE syringe filter (Millipore, Ireland). If 





range. The VD content in supernatant was quantified by HPLC according to the 
methodology proposed by Staffas & Nyman (2003) and described previously (Item 2.2.1.). 
The results were expressed as mean (n=3) ± standard deviation. 
𝐸𝐸% =  
𝑊𝑇𝑜𝑡𝑎𝑙 − 𝑊𝐹𝑟𝑒𝑒
𝑊𝑇𝑜𝑡𝑎𝑙
                                                                                                                                        𝑬𝒒.  (𝟓) 
Where: WTotal and WFree are respectively the weight of VD added to the system and the 
weight of free VD in the formulation. 
The loading capacity (LC%) of active compound in the particles is not calculated 
in this work, since the lipid content was fixed and the amount of VD added was constant 
(10% of in relation to lipid phase) and this compound is not volatile. Thus, the LC% of 
particles was around 10% for all evaluated formulations.  
2.2.10. Thermal behavior 
The occurrence of super-cooled melt phenomenon was verified by thermal analysis 
of the freeze dried LNs and was performed in a Differential Scanning Calorimeter (DSC, 
Model 2920, TA Instruments, DE) according to Yu et al. [25] with modifications. Briefly, 
the sample (5 mg) was weighed and placed on the aluminum pan, and crimped. It was, 
then, heated from -50 up to 200 °C at a rate of 10 °C/min. 
2.2.11. Polymorphism 
An X-ray diffraction study was performed to search for polymorphic changes in 
the freeze dried particles before and after the storage time of 60 days. The analysis was 
carried out in a Philips X'pert MPD X-ray diffractometer (Philips Analytical Help Desk, 
Holland), at 2θ mode from 5° to 40°, at a speed of 2°/min. 
2.2.12. Rheological behavior 
The oscillatory rheology of LN dispersions loaded with VD was made in an Anton 
Paar Rheometer (Model MCR 301, Graz, Austria) fitted with stainless steel parallel plate 
geometry (diameter, 75 mm), with a gap of 0.5 mm. The frequency varied from 0.1 to 10 
Hz, with a constant strain of 1%, within the linear viscoelasticity domain at 25 ºC. The 
storage modulus (G’) and loss modulus (G") were also measured as functions of 
temperature (20-70°C), considering the importance of checking if the coating of LNs 
could influence the stability of the particles. These tests were performed according to 
Awad et al. [26], the heating rate evaluated was 1, 5 and 10ºC/min and the frequency used 





low-viscosity silicone oil to prevent dehydration of the system. The gelation point is 
considered as the temperature at which both G′ and G′′ crossover (Tan δ = 1). 
2.2.13. Morphology 
For Transmission Electron Microscopy (TEM) analysis, the total lipid 
concentration of LN dispersions loaded with VD was reduced from 10% (v/v) to 1.5% 
(v/v) in order to detect separated particles. In sequence, the samples were negatively 
stained with phosphotungstic acid solution (10 mg/mL) and were air-dried. The TEM 
analyses were performed in a 1200 EX II (JEOL Inc., Japan) electron microscope operated 
at 80 kV. The Scanning Electron Microscopy (SEM) of samples was made in FEI Quanta 
250 scanning electron microscope (FEI Company, USA) operated at an acceleration 
voltage of 10 kV. Before measurements, LN dispersions were spread on a sample holder 
and dried overnight at room temperature in a desiccator; in the sequence, the samples were 
coated with gold under an argon atmosphere and analyzed. 
2.2.14. Statistical analysis 
The statistical analysis was made using Statistica software Version 6.1 (StatSoft 
Inc., USA). The significant differences between samples were evaluated using one-way 
ANOVA followed by Tukey’s test. The level of significance was set at p≤0.05. 
3. RESULTS AND DISCUSSION 
3.1. Definition of lipid matrix and evaluation of the VD thermal stability 
The assessment of the VD solubility in different oils, the partition coefficient of 
this micronutrient in solid lipids and the thermal properties of selected lipids binary 
mixtures are displayed in Figures 5.1a, 5.1b and 5.1c, respectively. The thermal stability of 
VD evaluated by thermogravimetric analysis is displayed in Figure 5.1d. These analyses 
were made to select a lipid matrix with good thermal properties and high compatibility 
with active compound and also to verify the VD thermal stability in order to adjust the 









Figure 5.1 Solubility of VD in liquid lipids (a), partition coefficient of VD in solid lipids 
(b), thermal properties of binary mixtures of SA:OA (Stearic acid:Oleic acid) (c) and 
thermal stability of VD (d). Error bars indicate the mean (n = 3) ± standard deviation of 
three independent experiments. 
The solubility of VD in OA (57.1±2.6 mg/mL) was significantly higher than in any 
of the other liquid lipids (Fig. 5.1a). Similar results were observed by Park, Garcia, Shin, 
& Kim (2017) that also evaluated the solubility of VD in different oils (corn, soybean, 
canola, sesame and oleic acid). Hence, this lipid was selected for the formulation of NLCs. 
For solid lipids, the partition coefficient of VD ranged from 2.9 to 3.7, with 
exception of the PA that showed a partition coefficient of 2.2 (Fig. 5.1b). FHPO showed 
the highest partition coefficient value; this result can be attributed to the less crystalline 
structure of this lipid, which allows a greater inclusion of active compounds into the 
particles. However, the FHPO has the lowest melting point among evaluated lipids (56.63 
± 0.2 ºC) and the tendency of these hard fats to form super-cooled melts instead of solid 
particles was already verified in other works in which the physical stability of LNs was 
compromised by this phenomenon [27-30]. Due to these limitations, the SA has been 
selected as the solid lipid for the formulations of LNs. This fatty acid shows similar 
partition coefficient of VD when compared to the other lipids tested and a higher melting 
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point. Also the evaluation of miscibility of different lipid mixtures at proportion of 1:1 
(solid lipid: liquid lipid) showed that the mixture of OA with SA was the most 
homogeneous when visualized by polarized light microscopy (Table 1, Supplementary 
Information), indicating a good compatibility between these lipids. 
The recrystallization index (RI%) and the melting temperature of different ratios of 
SA:OA were determined by DSC analyses aiming at selecting lipid mixtures to the 
formulation of LNs. As the degree of crystallinity of the lipid matrix was dependent on the 
SA concentration (Figure 5.1c), the molar fractions of SA 0.7 (70:30), 0.8 (80:20) and 0.9 
(90:10), which shows an onset melting temperature and a recrystallization index of ≥  55 ºC 
and ≥ 45%, respectively, were selected to LNs production. Formulations with 100% of SA 
(100:0), denominated SLNs, were also evaluated. 
Lastly, due to the lack of data describing the thermal stability of VD, the TGA 
analysis was used to investigate the thermal degradation of this compound in the 
temperature range used for particle production (60-80 ºC). As the VD did not present a 
considerable weight loss at these temperatures, and since the thermal degradation of the 
active compound was observed after the sample reached 200 °C, the use of the melt-
emulsification method was considered viable for production of LNs loaded with VD. 
3.2. Evaluation of physical stability of SLN and NLC's during storage time 
The zeta-potential is an important parameter in the development and evaluation of 
the physical stability of colloidal dispersions, since it provides an indication of the 
intensity of electrostatic repulsion between the particles, by comparison, the selection of 
systems less susceptible to aggregation. In this study, the zeta-potential evaluation of 
particles was performed over a 60-day storage period (Fig. 5.2a). 
All formulations presented negative zeta-potential that were maintained without 
any significant variation (p≤0.05) throughout the storage time. The zeta-potential values 
increased in the following order: 70:30 > 80:20 > 90:10 >> 100:0 and the samples with 
lower zeta-potential were considered more stable (greater electrostatic repulsion effect). 
The increase of zeta-potential value was associated with the addition of OA in the 
formulations. This finding could be explained by the increase in the number of carboxylate 
ions (from the OA) which were surrounded in the LNs outer layer. No significant 










Figure 5.2 Zeta-potential (a) and TSI (b) values of SLN (100:0) and NLCs (70:30, 80:20 
and 90:10) in different storage times for particles loaded with VD. Error bars indicate the 
mean (n = 3) ± standard deviation of three independent experiments. 
The Turbiscan analyzer (which provides the data for the TSI calculation) allows 
the assessment of the physical stability of formulations, avoiding their dilution and 
offering superior sensitivity to detect a possible phase separation when compared to visual 
observation. Thus, from TSI values is possible to infer with high precision about the 
physical stability of the evaluated system. 
In Figure 5.2b, increases of TSI value were observed during the storage time of 
particles loaded with VD in the following order: 70:30 < 80:20 < 90:10 < 100:0. This 
indicates a less physical stability of the formulations with high content of SA. As TSI is 
calculated from backscattering spectrum, it is important to highlight that the TSI variation 
observed in Figure 5.2b was related to the increase of backscattering intensity in the initial 
portion and the decrease in the final portions of the spectrum (Figure 3 - Supporting 
information), something characteristic of particle migration from the top to the bottom of 
the glass cell. This particle migration occurred probably due to an increase in the particle 
size or in the particle aggregation during the storage time.  
The particle size distribution was evaluated by DLS (Fig. 5.3) and in fact, the 
formulations with higher proportion of SA showed a significant increase in particle size 
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size distribution of formulations without VD are presented in Supplementary Information). 
For the systems 90:10 and 100:0, the increase in the average modal diameter of the 
particles throughout the storage went from a little more than 240 and 260 nm (t = 0 day) to 
values close to 445 and 560 nm in 60 days, respectively. The NLCs 70:30 showed the 
lowest particle size among evaluated formulations. Probably, the increase in the particle 
size at higher SA concentrations is attributed to the high viscosity of the lipid phase of 
these systems [31,32]. 
  
  
Figure 5.3 Particle size distribution of NLCs 70:30 (a), 80:20 (b) and 90:10 (c) and of 
SLN 100:0 (d) loaded with VD at 0, 30 and 60 days of storage. The results showed here 
represent the mean of three independent experiments. 
3.3. Encapsulation efficiency of particles 
The encapsulation efficiency (EE%) of colloidal dispersions was high (99.780.5% 
to NLC 70:30, 99.760.7% to NLC 80:20, 99.590.5 to NLC 90:10 and 99.570.3% to 
SNL 100:0) and, independently of the formulation, no significant difference (p≤0.5) in 
EE% of the particles was observed during the storage time, indicating that an expulsion of 
active compound did not occur. 
The high values of EE% are attributed to the use of suitable and sufficient amounts 
of surfactant and lipid, the high lipophilicity of VD and its good affinity with the selected 
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lipids. Higher amounts of VD (20% and 30%) were added to the formulation 70:30 (the 
most stable formulation during the storage time) as a test, in order to evaluate the 
chargeability of the particle: EE% decreased to 79.90  1.3% and to 42,85  2.5% for 20% 
and 30% VD, respectively. These decreases were probably due to saturation of LNs and 
therefore, the formulation 70:30 with 10% of VD was used to continue this work. Other 
authors who also evaluated the production of LNs loaded with VD produced NLCs based 
on GMS and OA stabilized with TWEEN 80® and observed that the EE% of particles at 
higher concentrations (> 30%) of the active compound also decreased due to saturation of 
lipid matrix [33]. The highest entrapment efficiency obtained by these authors was of 
85.6% (using 30% of VD in the formulation). Further works that also encapsulated VD in 
LNs have not evaluated the EE% of the particles [34-36]. 
3.4. Thermal and polymorphic behavior of the particles 
Polymorphic changes in the lipid matrix of LNs during the storage time are usually 
reported as one of the main factors affecting EE% and the stability of colloidal 
dispersions. Based on this, prior to coating the particles, the thermal behavior and the 
crystallinity of the lipid matrix selected (NLC 70:30, with or without VD) were evaluated 
by DSC and X-ray diffraction (Fig. 5.4). These analyses were also made to identify the 
crystalline state of VD in the particle and the changes in thermal behavior of nanosized 
lipid matrix in relation to a bulk matrix.  
  
Figure 5.4 DSC thermograms of VD, lipid mixture of SA:OA (70:30) and NLC with or 
without VD  at 0 and 60 days (a) and X-ray diffractograms of VD, stearic acid (SA) and 
NLC with or without VD  at 0 and 60 days (b). 
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As expected, the crystallinity of lipid matrices 70:30 (Fig. 5.4a, Lipid mixture and 
NLC) decreased in comparison with the crystallinity of the pure SA due to the increase in 
the number of lattice defects occasioned by OA incorporation. This reduction was 
evidenced by the decrease of peak intensities of fusion, broadening of the fusion peak 
(increase in difference between melting and onset temperature) and the reduction of 
melting temperature of the lipid matrices in relation to the pure SA.  
The slight reduction in the melting temperature of NLC 70:30 (64.44 ºC) in relation 
to the lipid mixture 70:30 (65.76 ºC) in the Figure 5.4a may be explained by a possible 
surfactant-lipid interaction that promotes crystalline order reduction of lipids into the 
particles or by the small particle size of the particles. The relation between the melting 







                                                                                                  𝑬𝒒. (𝟔)                                                                                                   
where T is the melting temperature of a particle with radius r, T0 is the melting temperature 
of the bulk material at the same external pressure, γsl is the interfacial tension at the solid-
liquid interface, Vs is the specific volume of the solid, and ΔHfus is the specific heat of 
fusion. 
The Equation 6 demonstrates that smaller particles would have a lower melting 
temperature than the bulk lipid mixture, which is in agreement with what was observed in 
Figure 5.4a. Similar results were presented by Tofani, Sumirtapura and Darijanto [37] and 
Pardeike et al. [38], which observed a melting point depression of 2.8 and 2.0 ºC, 
respectively, in the lipid mixture in relation to their respective lipid particles. 
The occurrence of a super-cooled melt effect in the particles (Fig 5.4a, NLCs or 
VD-NLCs) was discarded due to the presence of melting enthalpy in the NLCs 
thermograms. In addition, the onset and melting point of particles 70:30 at time 0 (Day 0) 
up to time of 60 days were higher than 50 °C, showing that the particles remain solid when 
storaged at 25°C for two months. 
Evaluating the crystalline state of VD in the particles, we can observe that the 
thermogram of pure VD exhibit a sharp endothermic peak at 88.35 °C, indicating the 
crystalline nature of the compound (Fig 5.4a). The absence of a comparable endothermic 
peak from any formulation of VD-NLC (NLC loaded with VD) reveals that the active 
compound was in an amorphous state into the particles. 
In Figure 5.4b, the diffractograms of bulk SA displayed characteristic intensity 





material. Comparing the diffractograms, the change in the crystallinity of bulk solid lipid 
in relation to NLC formulations is observed mainly at 6.63° 2θ values, where SA shows a 
sharp peak while the NLCs display a weak one. This result indicates that the presence of 
OA in the formulation did not affect the polymorphic form of SA, but it led to less ordered 
structure of NLC, that is in agreement with DSC analyses. 
Still in Figure 5.4b, the absence of polymorphic changes between NLCs 
diffractograms at days 0 and 60 showed that the samples remained stable during the 
storage time evaluated. As it was not observed significant differences between the 
thermograms of formulations with or without VD, the addition of this active compound 
did not influence the polymorphism of the lipid matrix. In addition, the absence of a 
characteristic diffraction peak for VD in the VD-NLC confirmed that the active compound 
is entrapped within the lipid core in an amorphous form. 
3.5. Coating of the particles 
This section is dedicated to the evaluation of particle coating taking into account 
the changes in particle size and in zeta-potential values (Fig 5.5). As the main step of this 
study, the optimum concentration of CHI to 100 mL of VD-NLC dispersion has been 
determined by the dripping of CHI solution (1.0, 1.5, 2.0 and 2.5%, w/v) in the particle 
dispersion until the charge of the system saturates (Fig. 5.5a). Before adding CHI into the 
formulation, the pH of the NLC dispersion was adjusted to 5.5 to ensure the interaction of 
positively charged CHI (pka 6.5-7.3) with negatively charged lipid particles. (The original 
particle suspension pH ranged from 4.8 to 5.5). 
  
Figure 5.5 Zeta-potential (a) and modal diameter (b) of VD-NLC coated with CHI at 
concentration of 1.0, 1.5, 2.0 and 2.5% (w/v). Measures of polydispersity index (PDI) to 
data displayed in Figure 5.5b ranged from 0.25-0.40). Error bars indicate the mean 
(n = 3) ± standard deviation of three independent experiments. 
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Comparing the graphs of Figure 5.5, with addition of 2 mL of CHI, the aggregation 
of VD-NLC was observed in a zeta-potential close to zero (Fig. 5.5a). In this case, the 
absence of electrostatic repulsion between the particles justified the high values of 
hydrodynamic diameter in the NLCs formulations (Fig. 5.5b). Henceforward, with the 
addition of more CHI, the zeta-potential of the systems increased, the hydrodynamic 
diameter of particles decreased and this behavior continued until particle size readings and 
zeta-potential values stabilized. 
In general, particles’ zeta-potential during coating ranged from -33 mV to +30 mV 
with increasing CHI:NLC ratio. As +30 mV is the charge of pure CHI at pH 5.5 and 
experimental tests showed that this charge was the value of the coated particle’s zeta-
potential of saturation, this charge was fixed as the saturation point to all experiments. 
The theoretical concentrations of CHI in formulation were calculated in mg of 
polymer / mL of sample (Equation 3). For the particles coated with 1.0%, 1.5%, 2.0% and 
2.5% of CHI this concentrations were of 1.05 mg/mL, 1.40 mg/mL, 1.70 mg/mL and 1.80 
mg/mL, respectively, while the real concentration of CHI in each VD-NLC was  2 mg/mL 
(CHI 1.0%), 2.4 mg/mL (CHI 1.5%) and 2.5 mg/mL (CHI 2.0 and CHI 2.5%). 
The CHI final concentration in the colloidal dispersions varied in relation to 
calculated CHI concentration, mainly for the VD-NLCs coated with less concentrated 
solutions of the polymer. In these systems, the presence of free CHI could justify the 
larger particle size of formulations coated with CHI 1.0% and CHI 1.5% (Fig 5.4b). From 
these results, it is possible to suppose that stable coated particles are formed in a very 
narrow range of concentrations of CHI, so that below or above this optimal range, the 
phenomenon of instability is observed.  
The addition of higher concentrations of CHI could neither provide an increase in 
zeta-potential nor a higher stabilization of the system, because, at a given pH, the 
adsorption saturation limit of the polyelectrolyte depends on the available sites of the 
dissociated groups on particle surfaces. On the other hand, a minimum amount of 
polyelectrolyte is necessary to surround the particle surface. In the coating of the 
liposomes with CHI, Laye, McClements & Weiss [24] came to a similar conclusion. The 
authors observed that below a minimum CHI concentration, large aggregates were formed 
that promoted a phase separation within minutes, while above the maximum CHI 





3.6. Physical stability of coated particles during storage time 
The physical stability of the particles coated with different concentrations of CHI 
was evaluated by light backscattering for a period of 60 days (at 25 ºC). From 
backscattering profiles of coated VD-NLCs with CHI the Turbiscan Stability Index (TSI) 
was calculated; the results are shown in Figure 5.6a. In Figure 5.6b, the complex dynamic 
modulus G* (G*(w) = G′(w) + iG′′(w)) of oscillatory rheological tests performed after 60 
days of the particle production is displayed. 
  
Figure 5.6 Turbiscan Stability Index (TSI) of coated VD-NLC with 1.0, 1.5, 2.0 and 2.5% 
of CHI as a function of storage time (0, 5, 10, 15, 20, 30, 45 and 60 days) (a) and complex 
dynamic modulus G* (Pa) evolution versus frequency, at a strain of 1% of samples after 
60 days of storage (b). Error bars indicate the mean (n = 3) ± standard deviation of three 
independent experiments. 
The instability of VD-NLCs coated with CHI 1.0 and 1.5% was marked by a 
visible phase separation in the early days, while for higher concentrations of CHI (2.0 and 
2.5%), the phase separation was not visually observed after 60 days. However, with the 
aid of the analysis of Turbiscan, it was possible to verify that the formulation coated with 
CHI 2.5% was the most stable (Fig. 5.6a). 
The data in Figure 5.5a are related to results shown in Figure 5.5b where the G* of 
coated particles with 2.0 and 2.5% of CHI showed a lower dependence on the frequency 
and was more than one order of magnitude higher than the results observed for particles 
coated with 1.0 or 1.5% of polymer, showing the better mechanical stability of these 
particles. 
The long term stability of VD-NLCs coated with more concentrated CHI solutions 
can be attributed to the slower movement of the particles promoted by the higher viscosity 
of the aqueous phase in these conditions. The steric stabilization of the particles in these 
cases is achieved through the manipulation of the relative concentrations of CHI solutions 
in colloidal dispersions. In the case of particles coated with 1.0 and 1.5% (w/v) of CHI, the 
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polymeric solution concentration was insufficient to promote the steric stability of particle 
dispersions and the total volume of the added solution was not incorporated into the 
system occasioning the phase separation. For the systems coated with CHI 2.0 and 2.5% 
(w/v), the adsorption of CHI on particles’ surfaces provides an initial electrostatic barrier, 
preventing the destabilization of the system by repulsion of positive charges and, with 
increased size of the adsorbed layer, the polymer chains will protrude into the solution 
leading to steric stabilization of the system.  
Finally, the evaluation of particle size distribution and the zeta-potential during the 
storage time was made. The particle size distribution of systems coated with CHI 2.0 and 
2.5% were uniform and did not varied significantly (p≤0.05) during the storage time, 
while to the systems coated with CHI 1.0, 1.5%, the particle size and the zeta-potential 
varied depending on the phase where the sample was collected and these values were not 
constant during the storage time (Data not showed). The EE% of coated VD-NLC 70:30 
was around of 98.53  0.7%. This value decreased slightly in relation to EE% of uncoated 
particles (EE% = 99.78  0.5%). During the storage time, the EE% of the particles did not 
change significantly (p≤0.05).   
3.7. Analysis of structural and thermal properties of coated particles  
To gain insights into the influence of coating with CHI on the VD-NLC structural 
and thermal characteristics, the particles have been analyzed by X-ray diffraction and DSC 
analysis, as was done previously for the uncoated samples (Item 3.4).  
The results of X-ray diffraction and the DSC analysis to coated samples did not 
differ significantly (p≤0.05) from the ones presented for uncoated particles (Figure 5.4a 
and 5.4b). The absence of a CHI characteristic peak in the diffractograms or in the 
thermograms of the coated particles was attributed to the non-crystalline nature of CHI in 
the VD-NLCs formulations. Probably, the interaction between CHI and the particles 
surface reduces the mobility of the polyelectrolyte chains and makes ordered packaging 
unlikely of this polymer. Hansraj et al. [39] also observed the amorphous state of this CHI 
in formulations of lipid nanoparticles, they also confirmed this result by X-ray diffraction 
and DSC analysis.  
During the storage time of the coated VD-NLCs, the lack of changes in the 
diffractograms or in the thermograms was also observed. This result allows us to infer that 
the addition of CHI in the system did not promote polymorphic changes in the samples 





Despite providing information on the crystalline state of CHI and the polymorphic 
state of the LNs, the results obtained by analysis of X-ray diffraction and DSC of coated 
particles were not enough to explain the effect of particle coating as a function of the 
temperature variation in the samples. Analyses in micro-DSC were also performed with 
this aim, but the results were also inconclusive (Data not showed). Therefore, oscillatory 
rheological behavior of the systems in the course of particle’ heating was evaluated (Fig. 
5.7). These assays are important to development of carrier systems because besides 
allowing the evaluation of the rheological properties of the particle dispersions in their 
ground state (without needing to freeze-drier the material), could provide further 
information about the intermolecular and interparticle forces that are acting on the system. 
  
Figure 5.7 Evolution of the Tan δ and of the viscoelastic modulus [Storage modulus (G') 
and loss modulus (G")] of uncoated (a) and coated (b) particles as a function of the 
temperature at three different heating rates (1 ºC/min, 5 ºC/min and 10 ºC/min).  
In Figure 5.7 it was observed that the particle coating strongly influenced the 
values of G' and G". In temperatures between 20 and 50°C the changes in the viscoelastic 
modulus were less pronounced in the coated (Figure 5.7b) samples than uncoated (Figure 
5.7a), indicating their lower susceptibility to physical-chemical changes, which is of great 
importance considering that this temperature range comprises the body and room 
temperatures. These results have a special importance when considered the possibility of 
this particles being subject to temperature fluctuations during storage. 
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In Figure 5.7a, the rheological behavior of uncoated VD-NLCs was characterized 
by a clear gel-sol transition point (G' = G", Tan δ=1) near 60°C followed by an abrupt 
decrease of G' and G" moduli, which is attributed to the particle melting point. In these 
VD-NLCs, the onset and the melting point of particles were observed in temperatures 
close to the indicated by DSC analyses [(≈ 56 and 64°C, respectively) - Fig. 5.4a]. 
On the other hand, increases in G' and G" at higher temperatures were observed to 
coated VD-NLCs (Fig. 5.7b). This behavior can be attributed to the occurrence of 
hydrophobic interactions between CHI and lipids. This kind of interactions is favored by 
increase of the temperature. Upon heating, the water sheaths around CHI chains are 
removed and the heat induces the transfer of protons from protonated amino groups of 
CHI to other molecules or macromolecules [40]; in this case, to the acyl chains of the fatty 
acids that are present in the NLC formulation.  
The large value of G' in comparison to G" and the decrease in the Tan δ value that 
are observed with the advance of hydrophobic interactions in Figure 5.7b, correspond to 
the formation of a more elastic structure. The development of this structure was marked by 
an inverse dependence on heating rate (Fig. 5.7b). It occurred because at higher heating 
rates, the heating duration is shorter when heating performs over a given temperature 
range; thus, the time available to form the hydrophobic interactions is reduced.  
The results discussed here, allow us to infer that the development of hydrophobic 
interactions during the heating process embedment play an important role in the 
immobilization of the lipids in the coated particles. In the heating process, while the heat 
favors the hydrophobic interactions of CHI by removing the water sheath that surrounds 
their polymeric chair, the small lipid cores of VD-NLCs have their total surface area 
increased, which allows them to interact more extensively with CHI forming a gel 
network. 
3.8. Morphology 
Finally, the morphologies of VD-NLCs coated were evaluated comparing to 
uncoated formulations. The result of SEM (Scanning Electron Microscopy) and TEM 






Figure 5.8 TEM and MEV images of uncoated VD-NLC (a) and coated VD-NLC with 
CHI 2.5% (w/v) (b), respectively. 
In Figure 5.8a, the TEM and the SEM of uncoated particles are shown, 
respectively. In a general form, the TEM image illustrated a deformed particle that does 
not present a spherical shape and the SEM images presented a dispersion of particles, 
which when compared with the coated particles, appeared to have been compacted. 
The TEM image of coated particle showed spherical VC-NLC with a smooth 
surface without any irregularity (Fig. 5.8b). In this image it is possible to observe a thick 
layer around the particle that evidences the coating with CHI. SEM image of this system 
presented layered structures such as terraces and steps that can be associated with the 
crystalline structure of solid lipid. 
From the comparison of the images, we supposed that the uncoated particles were 
deformed during drying of the sample preparation for analysis or even during the analysis 
in the face of applied deformation tensions (80 kV – TEM, 10 kV – MEV). On the other 
hand, VD-NLCs coated with CHI did not show any deformations, probably due to the 
presence of polymer on the particle surfaces, which maintained their integrity during the 
analysis processes. In spite of that, for both systems, the observed particle size is in 






In this work, the selection of solid and liquid lipids, as well as the study of the most 
suitable lipid proportions between them was made aiming the development of NLCs with 
high affinity by VD. The surface modification of these systems was investigated using 
CHI of low molecular weight. SA and OA were the lipids that presented the highest 
compatibility with VD and the formulation 70:30 was the system with the lowest 
polydispersity, size variation and less tendency to instability during storage. Adsorption of 
CHI in the surface of this formulation provides an initial electrostatic barrier (electrostatic 
stabilization) which prevents the destabilization of the colloidal dispersion by repulsion of 
positive charges. The coating with CHI also promote a long-term steric barrier (steric 
stabilization) that is established through the manipulation of the relative amounts of 
polymer. The coated particles were more resistant to deformation in a slight temperature 
variation (20-50ºC) than the uncoated particle. Morphological analysis also demonstrated 
the higher physical resistance of these particles, which maintained spherical shape without 
apparent deformation during the analysis processes. We also found a higher encapsulation 
efficiency of Vitamin D that was vehiculated in the particles in the amorphous state, which 
is the most convenient for the development of controlled release systems. 
5. ACKNOWLEDGEMENTS 
The authors would like to express their gratitude to Prof. Guilherme J. Máximo for 
support with the DSC analysis and to Prof. Rita Sinigaglia Coimbra for the performance of 
SEM and TEM analyzes in the CEME (Electronic Microscopy Center) at UNIFESP 
(Federal University of São Paulo). Regarding the financial support, the authors are grateful 
to CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico; Process n° 
449506/2014-2), FAPESP (Fundação de Amparo à Pesquisa do Estado de São Paulo; 
Process nº 2015/11984-7) and CAPES (Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior). 
6. REFERENCES 
[1] G. Dorraj, H.R. Moghimi, Preparation of SLN-containing Thermoresponsive In-
situ Forming Gel as a Controlled Nanoparticle Delivery System and Investigating its 
Rheological, Thermal and Erosion Behavior., Iran. J. Pharm. Res.  IJPR. 14 (2015) 347–
58. http://www.ncbi.nlm.nih.gov/pubmed/25901142. 
[2] M. Uner, G. Yener, Importance of solid lipid nanoparticles (SLN) in various 






[3] M.D. Joshi, R.H. Müller, Lipid nanoparticles for parenteral delivery of actives, 
Eur. J. Pharm. Biopharm. 71 (2009) 161–172. doi:10.1016/j.ejpb.2008.09.003. 
[4] J. Pardeike, A. Hommoss, R.H. Müller, Lipid nanoparticles (SLN, NLC) in 
cosmetic and pharmaceutical dermal products, Int. J. Pharm. 366 (2009) 170–184. 
doi:10.1016/j.ijpharm.2008.10.003. 
[5] R. López-García, A. Ganem-Rondero, Solid Lipid Nanoparticles (SLN) and 
Nanostructured Lipid Carriers (NLC): Occlusive Effect and Penetration Enhancement 
Ability, J. Cosmet. 5 (2015) 62–72. doi:10.4236/jcdsa.2015.52008. 
[6] S. Das, A. Chaudhury, Recent Advances in Lipid Nanoparticle Formulations with 
Solid Matrix for Oral Drug Delivery, AAPS PharmSciTech. 12 (2011) 62–76. 
doi:10.1208/s12249-010-9563-0. 
[7] C.C. Trujillo, A.J. Wright, Properties and stability of solid lipid particle dispersions 
based on canola stearin and poloxamer 188, JAOCS, J. Am. Oil Chem. Soc. 87 (2010) 
715–730. doi:10.1007/s11746-010-1553-6. 
[8] L. Bugnicourt, C. Ladavière, A close collaboration of chitosan with lipid colloidal 
carriers for drug delivery applications, J. Control. Release. 256 (2017) 121–140. 
doi:10.1016/j.jconrel.2017.04.018. 
[9] Y. Luo, Z. Teng, Y. Li, Q. Wang, Solid lipid nanoparticles for oral drug delivery: 
Chitosan coating improves stability, controlled delivery, mucoadhesion and cellular 
uptake, Carbohydr. Polym. 122 (2015) 221–229. doi:10.1016/j.carbpol.2014.12.084. 
[10] Z. Liu, C.I. Okeke, L. Zhang, H. Zhao, J. Li, M.O. Aggrey, N. Li, X. Guo, X. 
Pang, L. Fan, L. Guo, Mixed Polyethylene Glycol-Modified Breviscapine-Loaded Solid 
Lipid Nanoparticles for Improved Brain Bioavailability: Preparation, Characterization, and 
In Vivo Cerebral Microdialysis Evaluation in Adult Sprague Dawley Rats, AAPS 
PharmSciTech. 15 (2014) 483–496. doi:10.1208/s12249-014-0080-4. 
[11] R. Pandey, G.K. Khuller, Solid lipid particle-based inhalable sustained drug 
delivery system against experimental tuberculosis, Tuberculosis. 85 (2005) 227–234. 
doi:10.1016/j.tube.2004.11.003. 
[12] FDA (Food and Drug Administration), Gras notices (GRN No. 443), (Food Drug 
Adm. GRN No. 443. (2012). Retrieced from  
http://www.accessdata.fda.gov/scripts/fdcc/?set=GRASNotices&id=443&sort=GRN_No&
order=DESC&startrow=1&type=basic&search=chitosan. 
[13] D. Sahoo, S. Sahoo, P. Mohanty, S. Sasmal, P.L. Nayak, Chitosan: A new versatile 
bio-polymer for various applications, Des. Monomers Polym. 12 (2009) 377–404. 
doi:10.1163/138577209X12486896623418. 
[14] S.A. Lee, H.J. Joung, H.J. Park, G.H. Shin, Preparation of Chitosan-Coated 
Nanostructured Lipid Carriers (CH-NLCs) to Control Iron Delivery and Their Potential 
Application to Food Beverage System, J. Food Sci. 82 (2017) 904–912. doi:10.1111/1750-
3841.13655. 
[15] M. Garcia-Fuentes, D. Torres, M. Alonso, New surface-modified lipid 
nanoparticles as delivery vehicles for salmon calcitonin, Int. J. Pharm. 296 (2005) 122–
132. doi:10.1016/j.ijpharm.2004.12.030. 
[16] V.K. Venishetty, R. Chede, R. Komuravelli, L. Adepu, R. Sistla, P. V. Diwan, 





improve the oral bioavailability: A novel strategy to avoid intraduodenal administration, 
Colloids Surfaces B Biointerfaces. 95 (2012) 1–9. doi:10.1016/j.colsurfb.2012.01.001. 
[17] J.C. Gallagher, A. Sai, T. Templin, L. Smith, Dose Response to Vitamin D 
Supplementation in Postmenopausal Women, Obstet. Gynecol. Surv. (2012). 
doi:10.1097/01.ogx.0000418574.44644.38. 
[18] S.J. Whiting, M.S. Calvo, Nutrition in the Prevention and Treatment of Disease, 
Elsevier, 2013. doi:10.1016/B978-0-12-391884-0.00043-3. 
[19] C.H. Wijaya, W. Wijaya, B.M. Mehta, Handbook of food chemistry, in: Handb. 
Food Chem., 2015: pp. 1–1173. doi:10.1007/978-3-642-36605-5. 
[20] A. Staffas, A. Nyman, Determination of Cholecalciferol (Vitamin D3) in Selected 
Foods\rby Liquid Chromatography: NMKL1 Collaborative Study, J. Aoac Int. 86 (2003) 
400–406. 
[21] L.M. Negi, M. Jaggi, S. Talegaonkar, Development of protocol for screening the 
formulation components and the assessment of common quality problems of nano-
structured lipid carriers, Int. J. Pharm. 461 (2014) 403–410. 
doi:10.1016/j.ijpharm.2013.12.006. 
[22] C. Freitas, R.H. Muller, Correlation between long-term stability of solid lipid 
nanoparticles (SLNy ) and crystallinity of the lipid phase, Eur. J. Pharm. Biopharm. 47 
(1999) 125–132. 
[23] O. Krasodomska, P. Paolicelli, S. Cesa, M.A. Casadei, C. Jungnickel, Protection 
and viability of fruit seeds oils by nanostructured lipid carrier (NLC) nanosuspensions, J. 
Colloid Interface Sci. 479 (2016) 25–33. doi:10.1016/j.jcis.2016.06.041. 
[24] C. Laye, D.J. McClements, J. Weiss, Formation of biopolymer-coated liposomes 
by electrostatic deposition of chitosan, J. Food Sci. 73 (2008). doi:10.1111/j.1750-
3841.2008.00747.x. 
 [25] Y. Yu, R. Feng, S. Yu, J. Li, Y. Wang, Y. Song, X. Yang, W. Pan, S. Li, 
Nanostructured lipid carrier-based pH and temperature dual-responsive hydrogel 
composed of carboxymethyl chitosan and poloxamer for drug delivery, Int. J. Biol. 
Macromol. 114 (2018) 462–469. doi:10.1016/J.IJBIOMAC.2018.03.117. 
[26] T.S. Awad, T. Helgason, K. Kristbergsson, E.A. Decker, J. Weiss, D.J. 
McClements, Effect of Cooling and Heating Rates on Polymorphic Transformations and 
Gelation of Tripalmitin Solid Lipid Nanoparticle (SLN) Suspensions, Food Biophys. 3 
(2008) 155–162. doi:10.1007/s11483-008-9057-8. 
[27] T. Chantaburanan, V. Teeranachaideekul, D. Chantasart, A. Jintapattanakit, V.B. 
Junyaprasert, Effect of binary solid lipid matrix of wax and triglyceride on lipid 
crystallinity, drug-lipid interaction and drug release of ibuprofen-loaded solid lipid 
nanoparticles (SLN) for dermal delivery, J. Colloid Interface Sci. 504 (2017) 247–256. 
doi:10.1016/J.JCIS.2017.05.038. 
[28] V. Jenning, K. Mäder, S.H. Gohla, Solid lipid nanoparticles (SLNTM) based on 
binary mixtures of liquid and solid lipids: a 1H-NMR study, Int. J. Pharm. 205 (2000) 15–
21. doi:10.1016/S0378-5173(00)00462-2. 
[29] K. Manjunath, J.S. Reddy, V. Venkateswarlu, Solid lipid nanoparticles as drug 






[30] S.A. Wissing, R.H. Müller, The influence of the crystallinity of lipid nanoparticles 
on their occlusive properties, Int. J. Pharm. 242 (2002) 377–379. doi:10.1016/S0378-
5173(02)00220-X. 
[31] H. Ali, K. El-Sayed, P.W. Sylvester, S. Nazzal, Molecular interaction and 
localization of tocotrienol-rich fraction (TRF) within the matrices of lipid nanoparticles: 
Evidence studies by Differential Scanning Calorimetry (DSC) and Proton Nuclear 
Magnetic Resonance spectroscopy (1H NMR), Colloids Surfaces B Biointerfaces. 77 
(2010) 286–297. doi:10.1016/j.colsurfb.2010.02.003. 
[32] F.Q. Hu, S.P. Jiang, Y.Z. Du, H. Yuan, Y.Q. Ye, S. Zeng, Preparation and 
characterization of stearic acid nanostructured lipid carriers by solvent diffusion method in 
an aqueous system, Colloids Surfaces B Biointerfaces. 45 (2005) 167–173. 
doi:10.1016/j.colsurfb.2005.08.005. 
[33] S.J. Park, C. V. Garcia, G.H. Shin, J.T. Kim, Development of nanostructured lipid 
carriers for the encapsulation and controlled release of vitamin D3, Food Chem. 225 
(2017) 213–219. doi:10.1016/j.foodchem.2017.01.015. 
[34] M. Mohammadi, A. Pezeshki, M.M. Abbasi, B. Ghanbarzadeh, H. Hamishehkar, 
Vitamin D3-loaded nanostructured lipid carriers as a potential approach for fortifying food 
beverages; in vitro and in vivo evaluation, Adv. Pharm. Bull. 7 (2017) 61–71. 
doi:10.15171/apb.2017.008. 
[35] M. Sabzichi, J. Mohammadian, M. Mohammadi, F. Jahanfar, A.A. Movassagh 
Pour, H. Hamishehkar, A. Ostad-Rahimi, Vitamin D-Loaded Nanostructured Lipid Carrier 
(NLC): A New Strategy for Enhancing Efficacy of Doxorubicin in Breast Cancer 
Treatment, Nutr. Cancer. 69 (2017) 1–9. doi:10.1080/01635581.2017.1339820. 
[36] M.R. Patel, M.F. San Martin-Gonzalez, Characterization of ergocalciferol loaded 
solid lipid nanoparticles, J. Food Sci. 71 (2012) 8–13. doi:10.1111/j.1750-
3841.2011.02517.x. 
[37] R.P. Tofani, Y.C. Sumirtapura, S.T. Darijanto, Formulation, characterisation, and 
in vitro skin diffusion of nanostructured lipid carriers for deoxyarbutin compared to a 
nanoemulsion and conventional cream, Sci. Pharm. 84 (2016) 634–645. 
doi:10.3390/scipharm84040634. 
[38] J. Pardeike, S. Weber, T. Haber, J. Wagner, H.P. Zarfl, H. Plank, A. Zimmer, 
Development of an Itraconazole-loaded nanostructured lipid carrier (NLC) formulation for 
pulmonary application, Int. J. Pharm. 419 (2011) 329–338. 
doi:10.1016/J.IJPHARM.2011.07.040. 
[39] G.P. Hansraj, S.K. Singh, P. Kumar, Sumatriptan succinate loaded chitosan solid 
lipid nanoparticles for enhanced anti-migraine potential, Int. J. Biol. Macromol. 81 (2015) 
467–476. doi:10.1016/J.IJBIOMAC.2015.08.035. 
[40] M. Aliaghaie, H. Mirzadeh, E. Dashtimoghadam, S. Taranejoo, Investigation of 
gelation mechanism of an injectable hydrogel based on chitosan by rheological 























1. DISCUSSÃO GERAL 
 A contribuição de diferentes interações moleculares na formação e estabilidade 
de complexos e recobrimentos poliméricos a base de quitosana foi avaliada em três 
capítulos desta tese (Capítulos III, IV e V), que serão discutidos nesta sessão. O Capítulo 
III avaliou a complexação de três polissacarídeos aniônicos com a quitosana (CHI), que é 
catiônica. O objetivo do trabalho foi explorar como polissacarídeos aniônicos com 
diferentes grupos funcionais (carboxílicos e sulfatados), e distintas estruturas moleculares 
(cadeias lineares e ramificadas) poderiam formar complexos solúveis, insolúveis, 
precipitados ou géis com a CHI, e em que condições de pH, força iônica, temperatura ou 
razão polimérica estas estruturas poderiam ser formadas. Resumidamente, os 
polissacarídeos foram complexados na faixa de pH entre os pKa’s dos polímeros aniônicos 
e o pKa do polímero catiônico, a fim de que a interação eletrostática entre eles fosse 
favorecida. Nessa faixa de pH, os complexos foram caracterizados em função de 
diferentes razões poliméricas, força iônica, e temperatura. A concentração total de 
polímero deste estudo foi fixada em 2 mg/mL. 
O intervalo de pH apropriado à complexação dos polímeros foi definido 
experimentalmente entre os pHs 3.0 e 5.0, e diferentes proporções poliméricas foram 
estabelecidas a partir de dados de potencial zeta, para avaliar a condição de pH e razão 
polimérica onde os complexos poderiam apresentar um potencial zeta neutro, ou muito 
próximo de zero. Na teoria, a formação de complexos neutros equivale à condição onde o 
complexo polímerico alcançou a estequiometria de carga. Nesta condição, o sistema atinge 
a complexação máxima, pois todos os sítios de ligação positivos se associaram aos sítios 
de ligação negativos. 
A partir da definição das condições de complexação, os complexos foram formados e 
caracterizados quanto ao valor de potencial zeta em diferentes valores de pH e razões 
poliméricas. Os complexos GA:CHI e ALG:CHI alcançaram a neutralidade em pelo menos 
uma das condições experimentais testadas, mas o mesmo não foi observado no caso do 
complexo CRG:CHI. Para este sistema, uma variação abrupta no valor do potencial zeta 
foi verificada independente do valor de pH avaliado. De forma geral, essa variação abrupta 
no valor do potencial zeta das amostras ocorreu no intervalo de proporções molares de 
polímero de R[-/+] = 1,80-2,25. 
Outro resultado observado ao avaliar a separação de fases dos polímeros foi que os 
complexos ALG:CHI e CRG:CHI separaram fase em todas as condições experimentais 





puderam ser observados. Tal resultado pode estar associado tanto à maior flexibilidade das 
cadeias poliméricas da GA, que favoreceu a entropia de mistura do sistema, quanto à 
maior força de interação entre o ALG e a CRG com a CHI. 
 Nos valores de pH onde a formação de complexos neutros foi observada (ou na 
condição mais próxima a esta, que no caso da CRG correspondeu ao menor valor de 
potencial zeta em módulo), foi delineado um experimento de titulação de calorimetria 
isotérmica (ITC, Isothermal titration calorimetry) para determinar efetivamente a 
estequiometria dos complexos, a variação de entalpia (∆H), e a constante de associação 
(Ka) entre os polímeros. O experimento foi conduzido a 25 ºC; a variação de entropia (∆S) 
e a energia livre de Gibbs (∆G) resultantes da complexação dos polímeros foram 
calculadas a partir dos valores de ∆H e Ka utilizando a equação ∆G = ∆H-T∆S. Nesta 
análise, a complexação dos polímeros foi feita em três concentrações de sal diferentes (0, 
50 e 100 mM), que influenciaram principalmente a complexação da CHI com a GA e com 
a CRG. O complexo ALG:CHI, foi o sistema menos sensível a presença de NaCl. 
A análise de ITC mostrou ainda que a interação da CHI com a CRG (Ka ≈1017 M-1) 
foi muito mais forte que a interação da CHI com os demais polissacarídeos (Ka ≈108 M-1), 
o que foi atribuído à natureza dos grupos ionizáveis dos polímeros aniônicos. Além disso, 
os dados de ITC e de potencial zeta foram comparáveis, ou seja, a proporção polimérica 
onde a neutralidade do potencial zeta foi observada correspondeu a estequiometria dos 
complexos determinada por ITC. A análise de ITC também foi realizada a 50 ºC para 
amostras com 0 mM de NaCl. Porém, não foram observadas diferenças significativas entre 
os ensaios conduzidos nas temperaturas de 25 a 50 ºC na mesma força iônica. 
Um estudo complementar avaliou a turbidez das amostras durante a titulação dos 
polímeros aniônicos no polímero catiônico. O objetivo desta análise foi mimetizar as 
condições de estudo aplicadas aos ensaios de ITC e assim correlacionar as mudanças de 
entalpia associadas às interações polissacarídeo-polissacarídeo com a formação dos 
complexos eletrostáticos. Tal análise revelou que a formação do complexo GA:CHI foi 
totalmente reversível, enquanto o mesmo não foi observado para os complexos ALG:CHI 
e CRG:CHI. Aparentemente, os complexos ALG:CHI e CRG:CHI gelificaram ao atingir a 
um potencial zeta próximo a zero, ou em condições experimentais próximas a esta (com o 
polímero aniônico em excesso, no caso do complexo CRG:CHI). Imagens de microscopia 
confocal evidenciaram a formação de estruturas fibrilares nestas condições, que 
geralmente caracterizam a gelificação polimérica, o que contribuiu para que a hipótese da 





O Capítulo IV da tese avaliou o comportamento reológico, em regime oscilatório, 
dos complexos formados no Capítulo III. O estudo do comportamento reológico das 
amostras foi feito em ciclos de aquecimento e resfriamento no intervalo de temperatura de 
20 a 80 ºC. Quatro diferentes proporções poliméricas foram analisadas para cada um dos 
três complexos estudados, e a concentração total de polímero utilizada em todos os ensaios 
reológicos foi de 20 mg/mL. 
É importante destacar a diferença na concentração total de polímero que foi 
avaliada nos Capítulos III e IV. No Capítulo III, baixas concentrações poliméricas (2 
mg/mL) foram necessárias para que se pudesse, por exemplo, acompanhar a evolução da 
formação de complexos por medidas de turbidez, e determinar o potencial zeta das 
amostras sem que o limite de detecção dos equipamentos fosse ultrapassado. Por outro 
lado, concentrações poliméricas tão baixas originam um volume de amostra muito 
pequeno, o que dificulta a caracterização do comportamento reológico das mesmas. Dessa 
forma, a relação entre as condições experimentais nos dois trabalhos foi estabelecida ao 
determinar a estequiometria de carga dos complexos nos dois sistemas. Por isso, a 
primeira análise realizada no Capítulo IV avalia o efeito da concentração total de polímero 
na complexação dos polímeros aniônicos com a CHI por medidas do potencial zeta. 
As proporções poliméricas de 1:3, 1:1 e 3:1 foram inicialmente estudadas para 
todos os complexos poliméricos: ALG:CHI, CRG:CHI e GA:CHI. O potencial zeta destas 
amostras mostrou que da mesma forma que no estudo anterior, a proporção polimérica 
influenciava os valores de potencial zeta. As proporções poliméricas para obtenção de um 
complexo neutro a uma concentração total de polímero de 20 mg/mL ou 2 mg/mL foram 
muito próximas, no caso do complexo ALG:CHI. Em relação ao complexo CRG:CHI, 
novamente, não houve a formação de um complexo neutro em nenhuma das condições 
testadas. Para a GA:CHI, a neutralidade de carga do complexo foi obtida em uma 
proporção polimérica menor que a observada no estudo conduzido a uma concentração 
total de polímero de 2 mg/mL. A redução da proporção polimérica com um aumento da 
concentração total de polímero é uma característica do comportamento de fase das 
misturas de polieletrólitos, e acontece porque o aumento da concentração total de polímero 
favorece a liberação de mais contra-íons em solução, que filtram as cargas dos 
polieletrólitos, suprimindo gradativamente a complexação. 
De forma geral, o estudo do comportamento reológico das amostras evidenciou que 
há uma relação direta entre a estequiometria de carga dos complexos e a variação no valor 





intrínsecos ou extrínsecos à formação dos complexos é possível controlar as propriedades 
viscoelásticas dos mesmos. 
Em relação aos complexos individuais, o complexo GA:CHI foi o que apresentou 
menores variações em seu perfil reológico, em relação às diferentes razões poliméricas 
avaliadas. Além disso, o complexo GA:CHI não formou géis em nenhuma das condições 
testadas. Por outro lado, o perfil reológico dos complexos ALG:CHI e CRG:CHI, diferiu 
bastante em função das diferentes proporções poliméricas analisadas, e em ambos, a 
gelificação do sistema foi verificada no resfriamento de, pelo menos, uma das amostras 
estudadas. O efeito de diferentes taxas de aquecimento e resfriamento também influenciou 
fortemente o comportamento reológico dos complexos ALG:CHI e CRG:CHI. Além 
disso, o complexo CRG:CHI, na condição mais próxima a sua estequiometria de carga, 
permaneceu como um gel fraco em toda a faixa de temperatura avaliada (20-80 ºC).  
Na condição onde a estequiometria de carga dos complexos ALG:CHI e CRG:CHI 
ocorreu, observou-se que durante o aquecimento das amostras, a uma temperatura em 
torno de 50 – 60 ºC, os dois complexos apresentaram um repentino aumento no valor de 
G’, que foi atribuído à ocorrência de interações hidrofóbicas entre os polímeros. Este 
resultado evidencia que na complexação máxima do sistema (ou próximo a esta condição), 
a contribuição de interações moleculares não eletrostáticas pode ser favorecida com o 
aumento da temperatura. Isso ocorre provavelmente porque a redução da repulsão das 
cargas poliméricas pode favorecer a associação dos polímeros, e no aquecimento e/ou 
resfriamento, esta associação ocorre por interações moleculares secundárias, que poderiam 
ser interações hidrofóbicas (no aquecimento) ou ligações de hidrogênio (no resfriamento), 
por exemplo. 
Como toda a caracterização do comportamento reológico dos complexos foi feita 
em regime oscilatório, várias medidas puderam ser realizadas em um único teste. No 
artigo apresentado no Capítulo IV, apenas a variação dos módulos viscoelásticos em 
função da temperatura foi discutida.  
As análises de calorimetria exploratória diferencial que foram feitas no Capítulo IV 
mostraram que os termogramas dos complexos poliméricos exibiram picos distintos dos 
observados nas amostras dos polímeros puros, sendo mais uma evidência de que 
interações moleculares favoreceram a associação física dos polímeros. Análises de FTIR 
também foram realizadas, e mostraram desvios significativos nas bandas resultantes dos 
grupos carboxila e sulfato dos polímeros aniônicos; indicando interações moleculares 





bandas observadas na região de 3600-3000 cm-1 nos espectros FTIR dos complexos em 
relação às bandas dos polímeros puros pode estar associada à ligação de hidrogênio entre 
os polímeros. 
O último capítulo com resultados experimentais descrito nesta tese é o Capitulo V, 
que está publicado no International Journal of Biological Macromolecules. A primeira 
etapa deste estudo teve como objetivo a seleção de uma matriz lipídica adequada para 
produção de carreadores lipídicos nanoestruturados. Também foi feita a encapsulação de 
um composto ativo modelo, a vitamina D. Por isso, a compatibilidade desta vitamina com 
a matriz lipídica foi avaliada ao caracterizar a sua dispersão em matrizes lipídicas sólidas e 
líquidas que seriam utilizadas para formular as partículas. A premissa dessa primeira parte 
do estudo foi que a matriz lipídica deveria ser sólida e ter o composto ativo distribuído de 
forma aleatória na partícula para que o recobrimento com CHI pudesse ser feito em uma 
superfície uniforme e rígida. 
Os carreadores lipídicos nanoestruturados foram obtidos pelo método de fusão-
emulsificação, que é um dos métodos mais simples de se obter partículas sólidas lipídicas. 
Após a formação das partículas, cada amostra foi caracterizada quanto ao seu tamanho, 
potencial zeta, comportamento térmico e estabilidade física. Nesta etapa, foram avaliadas 
quatro formulações distintas onde a proporção dos lipídios sólido (ácido esteárico) e 
líquido (ácido oleico) variaram de 70:30 - 100:0 (lipídio sólido:lipídio líquido). Tanto as 
partículas contendo a vitamina D, quanto aquelas que não continham o composto ativo 
foram caracterizadas. Finalmente, a matriz com 70% de ácido esteárico e 30% de ácido 
oleico foi selecionada, pois apresentou menor tamanho e polidispersidade de gota, maior 
valor de potencial zeta (em módulo), e maior estabilidade ao armazenamento. Como as 
partículas com e sem o composto ativo não diferiram significativamente nestes atributos, 
concluiu-se que a vitamina D, na concentração em que foi administrada na formulação da 
partícula, não influenciou a formação e a estabilidade física das partículas. 
Na etapa de recobrimento, o tamanho e o potencial zeta das partículas foram 
monitorados enquanto a CHI foi sendo adicionada gota-a-gota às partículas em dispersão. 
Foram avaliadas quatro concentrações de CHI no recobrimento dos carreadores lipídicos: 
1,0, 1,5, 2,0 e 2,5%, (m/v). A titulação da CHI na dispersão de partícula foi feita até que o 
potencial zeta das partículas fosse equivalente ao da solução de CHI, no mesmo valor de 
pH. Após o recobrimento, a estabilidade física do sistema foi avaliada por 60 dias. O 
recobrimento com CHI criou uma barreira eletrostática inicial (estabilização eletrostática), 





estabilidade do sistema a longo prazo foi atribuída ao movimento mais lento das partículas 
promovido pela maior viscosidade da fase contínua, e só foi alcançada para as 
formulações onde a CHI, em uma concentração de 2,0 e 2,5% (m/v) foi titulada.  
A análise feita no Turbscan, que é baseada no retroespalhamento de luz da amostra, 
demonstrou que após 60 dias de armazenamento, a formulação titulada com CHI na 
concentração 2,5% (m/v) foi mais estável que a amostra titulada com CHI na concentração 
2,0% (m/v). Essas duas amostras não apresentavam uma separação de fases visivel a olho 
nú, após 60 dias de preparo. 
A amostra titulada com 2,5% CHI, selecionada como a mais estável, e uma 
amostra controle (não recoberta), foram caracterizadas quanto ao comportamento 
reológico no aquecimento de 20  a 70 ºC. Neste ensaio, o recobrimento das partículas 
influenciou significativamente no valor dos módulos G' e G". Em temperaturas entre 20 e 
50 °C as mudanças nos módulos viscoelásticos foram menos pronunciadas nas amostras 
recobertas do que nas não recobertas. Acima dessa temperatura, o comportamento 
reológico das partículas não recobertas apresentou um ponto de transição gel-sol (G' = G", 
Tan δ = 1) próximo a 60 °C, seguido por um decréscimo abrupto de G' e G", que foi 
atribuído à fusão do lipídio. Por outro lado, aumentos em G' e G" foram observados a 
temperaturas acima de 50-60 ºC para amostras recobertas. Esse aumento foi atribuído à 
ocorrência de interações hidrofóbicas. O alto valor de G' em comparação com G" e a 
diminuição no valor de Tan δ que foi observado com o avanço das interações hidrofóbicas 
correspondem à formação de uma estrutura mais elástica com o aquecimento da amostra.  
 De forma geral, os resultados obtidos na caracterização reológica das partículas 
permitiram inferir que a ocorrência de interações hidrofóbicas durante o processo de 
aquecimento tem um importante papel na imobilização dos lipídios nas partículas 
recobertas. No aquecimento, enquanto o calor favorece as interações hidrofóbicas da CHI 
com os lipídios, os pequenos núcleos lipídicos das partículas tem a sua área de superfície 
total aumentada, o que lhes permite interagir ainda mais com a CHI. Isso evita, ou pelo 























1. CONCLUSÃO GERAL 
Este estudo forneceu informações sobre a origem e as características das interações 
moleculares entre a CHI e polímeros aniônicos, e também matrizes lipídicas carregadas 
negativamente, que podem ser úteis para o planejamento racional de ingredientes 
alimentícios à base de CHI. Este polímero têm sido negligenciado em aplicações na área 
de alimentos devido a sua alta capacidade de se associar com outras moléculas formando 
aglomerados e precipitados, que são indesejáveis em formulações alimentícias. 
No Capítulo III da tese, a contribuição de interações eletrostáticas na formação de 
complexos poliméricos foi evidenciada pela grande influência do pH e da razão molar de 
polímero na complexação dos polissacarídeos aniônicos com a CHI. Além disso, as 
análises de calorimetria de titulação isotérmica indicaram que os polímeros aniônicos se 
ligaram fortemente à CHI através de uma interação altamente exotérmica, e que o aumento 
da força iônica (0 – 100 mM NaCl) reduziu significativamente (p≤0.05) o valor da 
constante de associação dos complexos GA:CHI e CRG:CHI. A completa dissolução do 
complexo GA:CHI, que foi verificada por titulação turbidimétrica, mediante a adição 
gradual de polímero aniônico, também ocorreu devido a forte contribuição de interações 
eletrostáticas no sistema, no caso, devido a repulsão eletrostática dos polímeros.  
A contribuição de interações moleculares não eletrostáticas na formação de 
complexos poliméricos não pôde ser confirmada por análise de calorimetria de titulação 
isotérmica, nem por outras análises realizadas no Capítulo III. Ficou claro que algum 
fenômemo relacionado à autoassociação dos polímeros ocorreu, podendo ter sido induzido 
pela redução da repulsão das cargas poliméricas que acontece quando a estequiometria de 
carga dos complexos é alcançada. Possivelmente, o fenômeno descrito é relacionado à 
gelificação do sistema. 
No Capítulo IV, as interações eletrostáticas foram evidenciadas de forma indireta, 
por medidas reológicas. De forma geral, ao variar a proporção de polímero, o aumento nos 
módulos viscoelásticos, G' e G", seguiu uma tendência paralela às condições de 
estequiometria de carga dos complexos, indicando que quanto mais complexados estavam 
os polímeros, maiores eram os valores de G' e G". 
Seguindo o comportamento dos polímeros puros, o complexo GA:CHI não 
gelificou em nenhuma das condições avaliadas, mas o comportamento reológico dos 
complexos ALG:CHI e CRG:CHI, em condições estequiométricas, foi muito distinto do 





temperatura avaliada (80-20ºC), enquanto o complexo ALG:CHI, cujos polímeros 
individuais não gelificam, formaram géis fracos no resfriamento da amostra.  
As interações eletrostáticas também atuaram no recobrimento e na estabilização 
inicial de partículas lipídicas. A longo prazo, as formulações recobertas com CHI que não 
separam fase foram as formulações recobertas com soluções de CHI contendo 2.5% (m/v) 
de polímero, onde uma maior contribuição de efeitos estéricos prevaleceu. No 
aquecimento das partículas recobertas, as interações hidrofóbicas foram favorecidas a 50-
70 ºC, onde os grupos hidrofóbicos da CHI foram expostos permitindo a formação de uma 
estrutura que manteve o óleo preso no sistema. Partículas não recobertas fundiram nestas 






2. PERSPECTIVAS FUTURAS 
No Capítulo III da tese, o aumento da força iônica foi expresso em função da 
concentração de NaCl (cloreto de sódio), mas seria interessante avaliar a contribuição de 
outros sais, tais como CaCl2 (cloreto de cálcio) e KCl (Cloreto de potássio) no rastreio das 
cargas poliméricas. Além disso, para uma sondagem mais ampla das interações 
moleculares que atuam no sistema, a formação de complexos na presença de uréia deveria 
ser avaliada. A ureia atua impedindo que ligações de hidrogênio ocorram e, assim, seria 
mais fácil evidenciar a contribuição desse tipo de interação molecular na formação e 
estabilidade de complexos poliméricos.  
Nos Capítulos IV e V, as interações hidrofóbicas entre as diferentes matrizes 
avaliadas e a quitosana foram favorecidas a 50-60ºC. Como o estudo de calorimetria de 
titulação isotérmica foi feito apenas nas temperaturas de 25 e 50ºC, seria interessante 
estudar a complexação dos polímeros a temperaturas mais altas; talvez a 60 e a 80ºC. 
Apesar de ser uma proposta desafiadora, a obtenção de uma interpretação 
molecular para os dados reológicos obtidos no Capitulo IV parece promissora. Alguns 
grupos de Física já desenvolvem modelos para proteínas a partir de dados reológicos, mas 
a regularidade dos monômeros dessas macromoléculas é muito mais compreendida do que 
para polissacarídeos, o que dificulta que o mesmo seja feito para esses polímeros. 
Uma lacuna entre a separação de fases e a gelificação de sistemas a base de 
polissacarídeos existe, e dificulta a construção de diagramas de fases para estes sistemas, 
bem como estudos cinéticos da separação de fases polimérica. A necessidade de estudos 
nessa área é importante para que se projetem estruturas automontadas com propriedades 
diferentes, manipulando condições para favorecer ou inibir a gelificação em diferentes 
pontos da separação de fases dos polímeros.  
Em geral, existem poucos estudos descrevendo as propriedades sensoriais de géis 
poliméricos e sua relação com as propriedades físicas desses materiais. A maioria desses 
trabalhos evidencia que as fraturas dos géis, medidas sob grandes deformações, 
correlacionam-se bem com os chamados atributos da primeira mordida, descrevendo a 
firmeza do gel. No entanto, atributos relacionados às percepções sensoriais obtidas após o 
colapso dos géis na boca são mais difíceis de descrever a partir de medidas físicas ou 
reológicas. Seria interessante montar um painel sensorial com provadores treinados para 
descrever essa relação a partir de um sistema modelo feito à base de diferentes misturas 





Também seria interessante explorar a funcionalidade dos complexos avaliados nos 
capítulos III e IV em outras aplicações; nosso grupo de pesquisa já avaliou a eficiência de 
encapsulação e as propriedades mucoadesivas desses complexos e observou que o 
complexo GA:CHI foi o mais promissor nessa área. Recentemente, a funcionalidade do 
sistema ALG:CHI e CRG:CHI, como substituto de gordura em formulações de chocolate 
amargo tem sido avaliada em um trabalho de mestrado utilizando um modelo de emulsão 
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Figura 1. ITC titration data of complex GA:CHI obtained at 25 ºC and in pH 3.5. The raw 
output is a thermogram, where each peak corresponds to one injection (Top of the figure), that 
represents a differential power (DP) signal recorded in the experiment as a function of time. 
The integration of the thermogram peaks with respect to time yields the global enthalpy of the 
phenomena induced by each injection (Middle of the figure); in this graphic the symbols 
represent the integrated data of molar enthalpy that is plotted as a function of the molar ratio 
polymer and the lines are the fitting of the data. The bottom panel has the residuals calculated 























Table 1. Thermodynamic parameters obtained from the mathematical adjustment of an 
one-site model for binding between anionic polymers and chitosan in the complexes 
GA:CHI (pH 3.5), ALG:CHI (pH 3.25) and CRG:CHI (pH 4.00) in 25 and 50 ºC 









GA:CHI 25 2.81 ± 0.11a 7.09 ± 0.79 (x107) a -10.70 ± 0.48ª -130.31 ± 16.11a -119.61 ± 16.59a 
GA:CHI 50 2.58 ± 0.31a 2.93 ± 0.52 (x107) a -11.03 ± 0.33ª -126.77 ± 25.84a -115.74 ± 26.17a 
ALG:CHI 25 2.42 ± 0.39ª 4.28 ± 0.26 (x108) a -11.76 ± 0.15ª -459.35 ± 49.30ª -447.58 ± 49.44ª 
ALG:CHI 50 1.47 ± 0.14ª 6.10 ± 0.91 (x108) a -12.97 ± 0.58ª -342.79 ± 30.95ª -329.82 ± 31.53a 
CRG:CHI 25 1.97 ± 0.48ª 4.89 ± 1.37 (x1017) a -24.11 ± 2.88ª -501.15 ± 91.64ª -477.04 ± 94.50ª 
CRG:CHI 50 1.39 ± 0.01ª 1.32 ± 0.68 (x1019) a -28.24 ± 0.25ª -317.92 ± 65.74ª -289.68 ± 65.01a 
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Table 1. Miscibility assay of lipid mixtures 


























Figure 1. Fusion (a) and crystallization (b) thermograms of stearic (SA) and oleic acid (OA) and 
their mixtures in different molar fractions. (The lipid composition of each thermogram, expressed 
in terms of the molar fraction of SA is indicated on the left side of each graph, next to its 






















Figure 2. Particle size distribution of NLCs (70:30, 80:20 and 90:10) and SLN (100:0) at different 
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Figure 3. Backscatter profiles of coated NLCs and SLN particles, Free (F) or Loaded (L) with 
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Figure 4. Backscatter profiles of NLC (70:30) coated with CHI 1.0% (a), CHI 1.5% (b), CHI 2.0% 























































































































































ANEXO III - Permissão para o uso do artigo correspondente ao Capítulo V 
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